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This thesis describes experimental and theoretical investigations 
concerned with the turbulent, recirculating flow associated with the 
near wake regions in three flow situations involving two-dimensional 
steps. These have been subjected, in each case, to a uniform outer 
flow with a thin turbulent boundary layer upstream. It is intended 
that this study should be of interest to all those concerned with 
bluff body flows in general and building aerodynamics in particular. 
New experimeural data presented here, for the highly turbulent 
reversed flow regions, include mean velocity and turbulence intensity 
components, this being permitted by the use of the recently developed 
pulsed wire anemometer. It has been established-here that, if sufficient 
care is taken during use and if adjustments are made to correct the 
results for calibration drift (due to differential creep in the probe 
wires), this instrument is a particularly suitable tool for the study 
of bluff body flows. 
Using the new data, a comparison has been attempted between 
the shear layers, originating from the separation point of each of 
the bluff bodies, ani the two-dimensional plane-mixing layer (between 
a free stream and still air). Reasonable agreement between these two 
shear layers has been established here, if account is taken of the 
effective velocity difference across the shear layer. The approximate 
nature of the ccmparison must be acknowledged, however. 
A simplified analytical treatment, relating some of the main 
features of the near wake region and based on the above comparison 
has been proposed and tested. It is felt that such a treatment, 
while still requiring further development, could eventually be of 
some benefit to those engineers concerned with building aerodynamics. 
An existing numerical methcd of analysis for turbulent 
recirculating flows has been modified for use in this thesis and the 
predictions compared with the present data. This has only been 
possible for one of the models, the backward facing step, the 
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program requiring further modification, ' perhaps to sweep in two 
directions (instead of one), in order to handle more complex flows. 
The program is able, in the successful application, to predict 
qualitatively the general flow behaviour and, in addition, provides 
good quantitative agreement for mean velocity and pressure. However, 
the discrepancies which do exist, namely the underestimation of 
reattachment distance and turbulent energy, indicate that considerable 
work is still required to overcome problems associated with both the 
numerical analysis and turbulence model. Finally, it is concluded 
that, although undoubtably a powerful research tool, numerical 
methods of analysis require considerable development before they 
can be used directly by workers concerned in practice with the 
flow of wind around buildings. 
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CHAPTER 1: INTRODUCTION 
1.1 PREAMBLE 
This thesis describes an experimental and theoretical 
investigation into the highly turbulent recirculating regions of 
flow associated with a number of geometrically simple, two-dimensional 
steps (bluff bodies). Recirculating flows originate as a result of 
the separation of the boundary layer which, in the case of bluff 
bodies, is caused by a sharp change in geometry. In the past these 
flows have received considerably less attention than those which 
lack recirculation. There are two main reasons for this; firstly, 
until very recently, experimental work was inhibited due to a lack 
of suitable instrumentation and, secondly, these flows, although 
fully described by the Navier-Stokes. equaýions, do not diplay the ' 
characteristics of 'similarity' with which it is possible to describe 
'boundary-layer' type flows and therefore do not lend themselves easily 
to theoretical treatment. 
Bluff body flows are, however, common in many practical situations 
and solutions for this class of flow would be of considerable benefit for 
subjects ranging from the air-circulation in air-conditioning applications 
(Croome-Gale and Roberts, 1975) to the base pressure problem for aerofoils 
at supersonic speed (Tani et al, 1961). The particular motivation 
behind the present study is to contribute, in some way, towards a 
better understanding of one aspect of bluff body flows, namely the 
flow of wind around buildings with its resultant effects. 
Consequently, it is considered necessary here to review briefly 
the 'state of the art' concerning building aerodynamics with special 
reference to existing methods of analysis. For the reader concerned 
with bluff body aerodynamics in general the section relating to wind 
flows in civil engineering may be omitted. 
The experimental investigation, probably representing the 
most significant contribution of this thesis, deals with three, 
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two-dimensional steps; a backward-facing step, a forward-facing 
step and a two-dimensional block (width =2x height). All of the 
models were positioned at right angles to the flow and subjected to 
a uniform stream with a thin turbulent boundary layer adjoining the 
upstream wall. Measurements of mean velocity, turbulence intensity, 
turbulent shear stress and pressure are presented for each model in 
turn, throughout the near. wake region. (The near wake region includes 
the separating, recirculating and reattaching zones). The velocity 
and turbulence measurements have been obtained, for the first time 
in such flows, using the recently developed pulsed wire anemometer. 
The importance of this instrument must be acknowledged and, conseq- 
uently, detailed descriptions of its operation and reliability are 
given in the thesis. 
Currently, numerical methods of analysis which solve the finite 
difference forms of the partial differential flow equations,. together 
with a mathematical model of turbulence, are being developed. Data is 
urgently required with which to test these methods and subsequently to 
permit their development to handle complex recirculating flow situations. 
A current computer program, involving a two-equation (k-c) model of 
turbulence, has been modified in the present study and tested against 
the new experimental data. Successful application of numerical 
methods of analysis may, one day, largely replace physical modelling 
(using wind tunnels), at present the only satisfactory method for 
predicting turbulent flows. 
Unfortunately, the numerical methods tend to be too complex, 
time-consuming and uncertain, at present, to be of much use to the 
engineer concerned with building aerodynamics. Consequently an 
attempt has been made, in this thesis, to develop a simplified 
analytical treatment relating some of the important features 
(e. g. length, height and force) of the near wake; recirculating 
region. This treatment has been permitted to some extent, by 
assuming that the curved shear layer bounding the recirculating 
region is similar to a two-dimensional plane mixing layer. The 
approximate nature of such a comparison must be acknowledged; in 
particular, the low speed side of the shear layer is not at all 
-------- - --- - -- ---- ---ý 9. 
comparable with the plane mixing layer. Nevertheless, this treatment, 
or another developed along similar lines, may well prove to be of 
greater benefit to the civil engineer, at present primarily restricted 
to the physical modelling of the environment. 
This introductory chapter continues with a brief discussion 
of the contribution of the thesis, this being followed by a section 
describing the contents of the thesis. This is then followed by a 
section of particular interest to the worker concerned with wind 
engineering, which briefly reviews the background to wind engineering 
and outlines existing methods of analysis. Finally, the introductory 
chapter defines the phenomenon of separation of flow, as this is a 
fundamental problem in all bluff body flows. 
0 
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1.2 THE CONTRIBUTION OF THIS THESIS 
The work presented here is based on a study of the recirculating 
regions of flow associated with a number of two-dimensional bluff bodies 
of simple geometric configuration and all mounted on a plane surface. 
These shapes are: 
(1) A backward facing step. 
(2) A forward facing step. 
(3) A block (width/height ratio = 2). 
In all cases the models were subjected to a uniform flow, low 
turbulence-level air stream with a fully developed turbulent boundary 
layer (699 = . 7h) on the upstream adjacent surface. The investigations 
were made at low subsonic speeds (= lOm/s) but with sufficiently high 
Reynolds numbers (Uh/v) to ensure turbulent flow conditions for each 
situation. The flows may be treated as incompressible and isothermal. 
The study includes an extensive programme of measurements 
using hot-wires, pulsed wires and pressure probes supplemented by 
flow visualisation techniques using oil, smoke and helium bubbles. 
A theoretical treatment has been carried out using a two-equation 
model of turbulence incorporated into a recently developed computer 
program and, in addition, a simplified analytical treatment of the 
near wake region has been proposed and tested. 
The main contributions of this research, then, are as follows: 
1. The collection of reliable data in regions of flow displaying 
high levels of turbulence intensity together with continuously 
reversing flow directions. 
2. The use of the pulsed wire anemometer in the collection of 
this data and a discussion of some of the problems 
associated with its use. 
3. Comments on the separated flows associated with two-dimensional 
bluff bodies in the light of any new information obtained. 
11J 
4. The provision of data which is urgently required in order 
to test existing and developing mathematical models of 
turbulence. 
5. The testing of a particular computer program incorporating 
a two equation model of turbulence with any necessary 
modifications. 
6. The presentation of a simplified analytical treatment 
of the near wake region, tested against the present data. 
Thus, to conclude this section, it is hoped that the main 
contribution, offered by the present research work will be to add to 
the existing body of knowledge concerning bluff body flows to the 
benefit of engineering in general and the civil engineering study of 
wind flow in particular. 
0 
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1.3 CONTENTS OF THESIS 
This thesis is divided into seven chapters which, for the 
benefit of the reader, are outlined here. 
Chapter 1 is the introductory chapter. This contains a general 
description of bluff body flows and outlines the relevance of the 
present study, in particular with reference to the flow of wind 
around buildings (building aerodynamics). Consequently, a brief 
review concerning the topic of wind engineering and the current 
methods of analysis available to the engineer, is given here. In 
addition, the phenomenon of separation of flow is described. These 
two sections may be omitted by those primarily interested in general 
bluff body aerodynamics. 
Chapter 2 provides a survey of previous work relevant to the 
present study. In addition to a brief review of th; ee-dimensional 
bluff body flows in general, previous experimental work on each of 
the three steps studied here is discussed. This is followed by a 
review of analytical methods of analysis for the prediction of 
recirculating flows. 
Chapter, 3 outlines the numerical methods of analysis which 
provide an additional theoretical approach for solving bluff body 
flows. The time-averaged equations of motion are derived and the 
need for certain assumptions, called turbulence models, explained. 
This is then followed by a discussion of turbulence modelling. A 
current computer program, incorporating one such model, is justified 
for use here and the finite difference form of the equations together 
with the necessary boundary conditions presented. Finally, modifica- 
tions, necessary to permit the use of the program for the present 
study, are discussed. 
Chapter 4 describes the instrumentation necessary for the 
experimental study undertaken here. This includes descriptions of the 
hot-wire, disc-static probe and pulsed wire anemometer together with 
details of the programs used to calibrate the instruments and subse- 
quently permit measurements with them. Considerable emphasis 
has been 
given in this chapter to the use, and problems assoc., ated with, the 
pulsed wire as this new instrument plays an important role in the 
research programme. 
Chapter 5 is the largest chapter and describes the most 
significant contribution of the thesis, namely the experimental study. 
Pressure, velocity and turbulence measurements, followed by discussions 
of some aspects of the flow behaviour, are presented separately for 
each step in turn. 
Chapter 6 reports on the theoretical studies undertaken. These 
include the development of a simplified analytical treatment (based on 
new data presented in Chapter 5) and an investigation of the predictions 
obtained from the use of the modified form of a current computer program 
(outlined in Chapter 3). 
Chapter 7 concludes the thesis with a survey of the experimental 
and theoretical work and some suggestions for future study. 
Lists of references, nomenclature, appendices and figures are 
presented after the conclusions. ' 
1.4 A DISCUSSION OF BUILDING AERODYNAMICS 
1.4.1 The Study of Wind Flow around Structures 
Separated flows associated with sharp discontinuities of 
geometry, (explained in more detail in 1.5), provide a subject of 
considerable importance in many branches of engineering. However, 
it is the particular interest of the civil engineer concerned with 
wind effects on structures which provided the motivation for the 
research work reported here. Consequently, although this study may 
be of considerable interest to aerodynamicists and others involved 
with bluff body flows, the approach and individual topics of research 
chosen here have been selected in the light of their relevance to the 
flow of wind about structures. It is hoped, then, that the civil 
engineer will particularly benefit from this study, which considers 
such subjects as the recently developed pulsed wire for measurements 
in recirculating flows and a simplified treatment of the recirculating 
zone associated with a bluff body. To provide continuity for the reader 
a short account is now given of the historical background of wind engin- 
eering, the considerations and methods of analysis of current problems, 
and finally, an explanation of the phenomenon of separation of flow. 
1.4.2 The Historical Background to Wind Engineering 
The wind has been a cause of significant damage to buildings 
and structures for many centuries but, because of the relatively 
greater damage from fire, material, structural and foundation failures 
(Stansby and Wootton, 1975), the study of wind engineering, as such, 
has only recently become a subject of importance in construction 
science. 
One of the earliest, well documented, descriptions of a wind 
failure is that by Russel (1841), who reported on the Brighton Chain 
Pier collapse of 1836. In his paper he suggested a scientific approach 
to the analysis of wind loading based on large scale model tests. 
However, little serious work was carried out and it was not until the 
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Tay Bridge disaster in 1879 that interest and activity in the field 
of wind loading was eventually aroused. This particular failure, 
with the loss of many lives, focused a great deal of attention on 
the problem of steady wind loads and suitable design wind speeds. 
Furthermore, this event may be considered (Stansby and Wootton, 1975) 
as the starting point of a programme of v*ind research which has 
continued to this day. 
The fundamental work of Irminger (1894) produced an understanding 
of the true nature of the pressure distribution around bluff bodies. 
He established that suctions, (negative pressures), occurred over 
large areas of a body where previously it had been assumed that only 
positive pressures existed: His work was carried out in a chimney 
draught -a far cry from the sophisticated, low-turbulence wind 
tunnels of today. 
In fact the development of the wind tunnel followed shortly 
after Irminger's important discovery. At the end of the nineteenth 
century, Eiffel in France and Stanton in Britain developed the use 
of wind tunnels for the specific intention of investigating the 
problems of wind loading on buildings. (It was some time later 
that the aeronautical use of wind tunnels became more common). 
Early work, carried out at the turn of the century, involved invest- 
igations into the drag of circular cylinders and stacks, and the 
phenomenon of vortex shedding, first studied by Strouhal in 1878. 
Dryden and Hill (1930), while investigating the wind flow on 
chimneys, made the first significant full-scale measurements with 
which to compare the results of wind tunnel tests. - 
The collapse of the Tacoma Narrows Bridge in 1942, following 
oscillations along the span due to vortex induced forces, stimulated 
a considerable amount of research into the dynamic effects of the 
wind. The failure precipitated work on spring mounted rigid models 
which was then followed by the development of simplified techniques 
for the aeroelastic representation of structures in wind tunnels. 
In addition, it may be considered that this particular engineering 
collapse brought about the recognition of the importance of aero- 
dynamics in the design of civil engineering structures. 
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Until relatively recently, ' little consideration was given 
to the nature of the real wind, research, whether on static or 
dynamic loading of structures, being carried out in uniform, smooth 
flow wind tunnels. Although the turbulent properties of the real 
wind were appreciated in the early part of the century, the relevance 
of this to structural loading was not observed until much later, 
(e. g. Jensen and Frank, 1965). The importance of correctly represent- 
ing the actual wind, if measurements from model tests are to be 
satisfactorily applied to the full scale situation, was discussed 
in detail by Cermak (1975) in his review paper for the Freeman 
Scholar Lecture. For the purpose of experiments and analysis, 
the real wind is now considered to consist of two parts, the time- 
averaged (mean) wind speed and the instantaneous or fluctuating 
component (usually measured as the r. m. s. gust speed). The major 
contribution to the description of the turbulent wind and the 
response of structures to it was made by Davenport (1961,1965) 
who proposed a statistical approach, based on the probability 
distribution and power spectrum of the wind. (The power spectrum 
of the wind is a measure of the kinetic energy contributions from 
different frequencies contained within the wind fluctuations (Anthony, 
1970) ). 
Following the work of Davenport, it is now usual to describe 
the turbulence in terms of the turbulence energy and length scale 
of the various eddies within the flow. This has enabled workers to 
represent the atmospheric wind in wind-tunnels, simulating both the 
mean velocity gradient and the turbulence, using a combination of 
grids of rods or curved screens at the working-section entrance 
and roughness elements on the tunnel floor. More recently, Counihan 
(1968) has developed vortex generators which have produced extremely 
satisfactory agreement with the atmospheric boundary layer. 
In conjunction with measurements on full-scale structures, 
the wind tunnel currently provides the most reliable source of data 
for wind engineering (Cermak, 1975). However, there are still many 
aspects of flow around structures which are not understood and, 
consequently, many basic experiments are required to resolve these 
and other problems associated with the flow of wind. 
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1.4.3 Current Considerations in Wind Engineerinng- The Structural 
and Environmental Approach 
There has been a trend over the last few decades towards the 
construction of taller buildings and a more economic use of materials, 
the combination of which has accentuated the relative importance of 
wind loads as compared with gravitational loads. In addition, it 
is generally accepted in current civil engineering design practice 
(Stansby and Wootton, 1975), that the influence of the wind, along 
with other environmental forces (snow, ice, etc. ), probably represent 
the greatest unknowns in the design of a proposed structure. (This 
is due partly to the statistical nature of the wind and partly to 
the inadequacies in correctly predicting windflow). Consequently, 
the major role of the wind in present design must be considered 
very carefully. 
Currently, it is necessary for the engineer to consider two 
categories of loading when investigating the effect of the wind on 
a structure. The first is the overall load upon which the structure's 
stability depends and the second concerns the localised surface 
pressures for designing the cladding (e. g. glazing). These surface 
pressures can have an extremely significant effect, especially in 
the region of the corners of a building. 
In addition, it is also necessary to consider the modification 
to the wind flow caused by the presence of a structure. An obvious 
example of this occurs when a structure is positioned downstream 
of another, thereby being subjected to a completely different 
wind and turbulence profile from the normal atmospheric boundary 
layer. This problem was treated by Peterka and Cermak (1975), 
who investigated the characteristics of the wake of a building 
in order to assess its effect on a downstream structure. In 
addition, the buffetting of a downstream structure may occur 
as a result of vortex shedding from the upstream one, a subject 
which has been studied extensively by Mair and Maull (1971a, 1971b). 
In the last few years a great deal of interest has been shown 
in another major aspect of the modification of the wind by structures - 
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the environmental considerations. This has, in fact, produced so 
much interest (Cermak, 1975; Phil. Trans. Royal Society, 1971) that 
this aspect of wind engineering has become as important as the 
structural aspect and is currently the subject of considerable 
research efforts. 
According to Hunt (1971b) there are five main reasons why the 
effect of a structure on the wind must be considered. These are: 
1. The buffetting of people in the vicinity of buildings. 
This can be a special problem near tall buildings as 
the high velocity wind is directed down to ground level 
by the structure. 
2. The performance of heating and ventilation systems. The 
external wind can considerably affect the local velocities 
near the inlets and outlets of the system.. 
3. The dispersal of airborne effluents either from the 
building in question or some upwind source. This is 
especially relevant to industrial plant and chimneys 
(Cermak, 1975). 
4. The problem of noise caused by wind flowing around sharp 
corners. 
5. The modification of the wind in the vicinity of airports 
which can cause difficulty to aircraft when landing. 
At present, information on the prediction of the environmental 
consequences of wind/structure interaction is somewhat limited. In 
contrast to the pressures which are required for structural design 
calculations, the environmental effects are additionally dependent 
on a knowledge of the velocities and turbulence in the vicinity of 
a structure. Past difficulties in obtaining such data have meant 
that the only information available on this subject has been of a 
qualitative rather than quantitative nature. 
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1.4.4 Existing Methods of Analysis 
In general the engineer is provided with two methods of 
analysis when contemplating the effect of the wind on some proposed 
structure. If the building is'fairly typical, and the problem not 
too complex, most designers will immediately turn to the relevant 
code of practice for the particular country in question, 
(CP3, Ch. V, 
Part II in U. K. ). These codes provide mean pressure and force 
coefficients for a variety of shapes under different wind regimes 
(e. g. open country, towns). In order to predict the actual load 
or pressure, the coefficient must be multiplied by the dynamic 
head of the wind (I pU2), where U is the design wind speed. The 
estimation of this speed is of fundamental importance (Anthony, 1970), 
although a problem which does not usually arise in developed countries 
with sufficient wind data. More significantly, it is of interest to 
note that much of the data for the codes of practice was obtained 
from wind tunnel tests where the characteristics of the incident 
flows were far from those of the atmospheric wind. The importance 
of correct turbulence modelling is now well accepted, and Owen (1971) 
in his review of the problems of architectural aerodynamics, emphasised 
the need for more meteorological data to construct superior models of 
the atmospheric wind for use in wind tunnels. 
Finally, it should be pointed out that the codes of practice 
are to assist with the calculation of structural loading and, at 
present, provide no information as to the environmental effects 
of the wind. 
It appears, then, that for a novel design or one in which a 
knowledge of the wind flow around the structure is required, the 
engineer must return to the wind tunnel. Here it is possible to 
model a complete environment subjected to the local wind conditions 
if sufficient meteorological data is available (Owen, 1971). 
In such (wind-tunnel) experiments, however, there are still 
considerable uncertainties involving the correct simulation of 
the 
20 
approaching flow conditions, the influence of Reynolds number, the 
extent to which small detail on the building should be modelled 
and uncertainties with measurement techniques (Bearman, 1972). 
In addition, there is the difficulty of simulating the interference 
effects between neighbouring structures (Peterka and Cermak, 1975). 
Wind tunnel techniques have undergone continuous developments 
in an attempt to overcome these, and other, problems and so provide 
more realistic estimates of wind loading required by modern structural 
design. Parallel with these developments, increasing efforts are 
being made to measure the wind loading on full-scale buildings 
exposed to the natural wind. In addition to providing useful data, 
this is the only method of establishing the accuracy of wind tunnel 
tests. Useful studies of this kind have been made by Newberry et 
al (1973), Melbourne (1971), and Standen et al (1971), who were 
concerned with pressure measurements on buildings. 
The use of a wind tunnel for the prediction of both structural 
and environmental wind effects associated with structures may offer 
the most promising solution from an engineering point of view, but ". 
it is often difficult to justify from an economic one. Stansby 
and Wootton (1975) have produced an estimate of the time and cost 
of various wind tunnel tests together with the expected accuracy, 
and from this it is easy to understand why a client may not readily 
accept this line of action. 
In view of the doubts about wind tunnel tests there is a 
very strong case for developing a fundamental understanding of both 
turbulent shear flow and bluff body flows and the interaction between 
the two (Bearman, 1972). This may be significant in arriving at a 
more reliable prediction method for external flows. 
Over the past decade a considerable effort has been made to 
develop computer programs, based on mathematical models of turbulence, 
which may be applied to a variety of engineering problems. These 
models have provided satisfactory solutions for a number of turbulent 
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flow situations (such as developing turbulent pipe flow) and have 
been claimed to cope with the two-dimensional recirculating flows 
associated with bluff bodies. However, there are still" considerable 
numerical difficulties encountered in the use of these programs, for 
example, in the vicinity of sharp edges. (These will be discussed 
in later chapters. ) Furthermore, the turbulence models which are 
used involve considerable assumptions and in many cases insufficient 
data has been available with which to test them. 
Nevertheless, mathematical models could be of great benefit 
in the future and may one day provide a substitute for many wind 
tunnel tests. Consequently, a current commercially available program 
has been investigated, modified and tested in the research reported 
here in order to establish the associated problems and the accuracy 
that may be expected from such a method of analysis. 
A mathematical model of turbulence relies entirely on the theories 
of fluid mechanics with a number of empirical approximations. Unfortun- 
ately, due to the complex nature of recirculating flows, it is not 
possible to apply the type of approximations to the Navier-Stokes 
equations which are permissible in the case of boundary layer and 
other thin shear layer type flows. The mathematical problem which 
consequently remains is of necessity one which involves the use 
of time-consuming iterative techniques. 
However, in many circumstances a broad understanding rather 
than a detailed investigation of the flow may suffice. For example, 
a civil engineer would, in general, only be interested in the extent, 
both horizontally and vertically, of a. recirculating flow, the positions 
of separation and reattachment, the maximum forward and reversed 
velocities, the pressure distribution on the structure and in the 
neighbouring environment and perhaps the turbulence intensity, 
experienced as gustiness. 
It has been suggested by Bradbury (1977) that, from a 
consideration of the most important factors, it may be possible to 
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develop a simplified treatment of recirculating flows. This has 
been attempted in this thesis and, while it may not provide any 
immediate benefit to practising engineers, this approach could 
eventually lead to an alternative prediction. method for bluff 
body flows. 
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1.5 SEPARATION OF FLOW 
This chapter has outlined the difficulties encountered when 
investigating, both experimentally and theoretically, bluff body flows. 
In particular, attention has been given to the problems associated 
with building aerodynamics as these provided the motivation for 
the present research. Bluff bodies, in general, are defined as 
those which cause the incident flow to separate as a result of 
sharp geometric changes. The importance of separation of flow 
in fluid mechanics is such that a brief discussion of the phenomenon 
is felt necessary here. 
Within the field of fluid mechanics, the problem of separation 
of flow is undoubtably one of the most complex yet important subjects. 
Consequently, a significant quantity of work has been carried out 
in the past, most of which is covered by Chang (1970) in his 
extensive review of the subject. 
The phenomenon of flow separation is common in both science 
and engineering and may be found in many practical situations where 
it can have either undesirable or beneficial effects. The undesirable 
consequences normally arise as a result of the energy losses associated 
with separating flows. For example, when considering aerofoils at 
subsonic speeds it has been established that, at large angles of 
attack, the flow on the upper surface separates causing an increase 
in drag and a decrease in lift - usually referred to as a stall 
condition. Further examples may be found whereby the efficiency 
of many fluid handling devices, such as fans, compressors and 
pumps may be reduced as a result of flow separation. 
However, in contrast to the above examples, the thin aerofoil 
suitable for high speed flight may be adopted for low speeds by 
permitting the flow to separate and subsequently reattach on the 
upper surface. This results in a thick pseudo-aerofoil, well 
suited for low speed flight. A second situation displaying the 
benefits of flow separation concerns the presence of a spike in 
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front of a blunt body travelling at speed. This causes early flow 
separation with a subsequent reduction in drag force. 
For smooth 'streamlined' bodies, separation of flow will 
occur at the trailing edge or upstream if subjected to an adverse 
pressure gradient. Due to an increase in pressure in the direction 
of the flow, the already retarded flow in the boundary layer adjoining 
the surface suffers a greater deceleration relative to the main flow. 
The small amount of energy in the boundary layer is used up to over- 
come the pressure rise and friction, and eventually, those fluid 
particles closest to the surface are brought to rest. At this 
point, 8U = 0, and the wall shear stress is zero - this is 
ay y_o defined as the point of separation. Reverse flow occurs downstream 
of separation and the boundary layer thickens. This type of separation 
is summarised below: 
Flow separation is not only caused by a gradual process, as 
described above, but also by a severe discontinuity of the tangent 
to the surface. This may occur at the leading edge, trailing edge, 
or any other part of a body, and examples of this type of separation 
are shown below: 
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S 
Trailing edge separation 
s 
Leading edge separation 
ýý 
Separation at 
a discontinuity 
It is the second of the two kinds of flow separation which 
is generally associated with bluff bodies such as buildings. The 
sharp edges of these shapes nearly always cause the flow to separate 
at the leading edges which subsequently results in an extensive 
highly turbulent, reversed flow region. When considering real 
structures inmiersed in the atmospheric boundary layer, the action 
of the wind on the body results in a three dimensional separated 
flow which, according to Bradshaw (1975), is the most complicated 
form of turbulence, containing all the difficult features of two- 
dimensional separated flows plus the effects of stretching of mean 
flow vorticity. (This gives rise to the familiar horseshoe-shaped 
vortex. ) In addition, if a structure has a sufficiently large 
aspect ratio, it is most probable that vortex shedding will occur 
causing additional loading to the building. The overall combina- 
tion of three-dimensional separation plus vortex shedding produces 
a situation which is so complex that, as yet, very little progress 
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has been made towards a full understanding of real separated flows 
around bluff bodies. 
Consequently, it seem reasonable at present, to approach 
the problem of wind flow around structures by considering the more 
fundamental case of flow over a two dimensional shape spanning the 
flow. However, it must be pointed out, that a two dimensional body 
does not necessarily result in a two-dimensional flow. (Even if the 
mean velocity terms only exist in the two directions, the turbulence 
terms will certainly not. ) Nevertheless, the general properties of 
the flow should be similar for any transverse station and certain 
features of three dimensional flows, such as the horseshoe vortex, 
will not occur. Furthermore, if the two-dimensional body is positioned 
on a groundboard along its entire length, the phenomenon of vortex 
shedding becomes most unlikely. 
Very few measurements have been made in two-dimensional, let 
alone three dimensional, flows (Bradshaw, 1975), and for this reason 
(together with those above) this thesis describes an investigation, 
both experimentally and theoretically, into fundamental two-dimensional 
separated flows. To some extent these flows characterize the most 
simple actually occurring in practical wind engineering problems. 
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CHAPTER 2: SURVEY OF PREVIOUS WORK 
2.1 INTRODUCTION 
The research reported in this thesis concerns an investigation 
of the recirculating regions of flow associated with a number of two- 
dimensional bluff bodies. The particular areas of interest include 
the distributions of pressure, velocity and Reynolds stresses 
resulting from steady turbulent flow conditions. 
Previous technical literature on the subject was surveyed 
for the following four specific purposes. The first was to gain 
an insight into the extent of existing knowledge of fundamental 
bluff body flows and to determine those areas which could be most 
usefully studied in the present work. The second purpose was to 
establish the whereabouts and scope of any available data which 
could be used as a basis for comparison with measurements derived 
from the pulsed wire anemometer. The third purpose was to assess 
the applicability of any existing, approximate theoretical treatments 
of bluff body separated flows which attempted to predict certain 
general or particular features'of the flow. The final purpose in 
surveying the literature concerned the development, and current position 
of numerical techniques of solving the time-averaged Navier-Stokes 
equations together with the necessary turbulence models. The successes 
and limitations of such models was reviewed with reference to suggest- 
ing a particular model for use in predicting the flows studied here. 
Although the interests of this research involve two-dimensional, 
turbulent, recirculating flows, it was felt that some attention should 
be given to the more complex field of three dimensional recirculating 
flows. There are two reasons for this. Firstly, it may be possible 
to compare the results obtained in this study with data from the 
three dimensional situation (even if only on a qualitative basis), 
and secondly, the natural extension of this present work is in 
the direction of more complex, but at the same time more practical, 
4' 
flows typical of buildings. Consequently, a brief discussion of 
fundamental research on the subject of three dimensional bluff 
body flows is outlined below. 
This is followed by reviews of experimental work, approximate 
analytical methods and numerical methods, concerning the topic of 
particular interest, two-dimensional bluff body flows. 
0 
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2.2 THREE-DIMENSIONAL BLUFF BODY FLOWS 
A considerable volume of literature on the subject of three- 
dimensional bluff body flows has been produced, mainly as a result 
of the particular significance of these flows to the wind effects 
on buildings. 
Most of this literature, concerns studies carried out on full- 
scale and modelled versions of specific buildings, in the environment 
and in wind tunnels respectively. The main interests in these 
investigations have been the measurement of pressures, for structural 
analysis, and to providea qualitative understanding of the overall 
flow pattern, for environmental studies. (A discussion of these 
aspects of three-dimensional flow is presented in section 1.4). 
Significantly, this approach to bluff body flows is usually 
only relevant to specific situations and may rarely be extrapolated 
to provide an understanding of more general aspects of three- 
dimensional flows. In addition, such work is normally both time- 
consuming and expensive, and in many cases experimental uncertaintiqs 
concerning atmospheric simulation and modelling techniques (Bearman, 
1972) may affect the accuracy of the data. 
However, a more valuable, fundamental approach to bluff 
body flows, involving an understanding of the fluid mechanics of 
the situation, has been inhibited due to a lack of both suitable 
measuring techniques and theoretical predictive methods. Consequently, 
only a limited amount of literature exists describing work of a more 
fundamental nature and, therefore, relevant to the flows treated in 
this thesis. 
Castro (1973a) and Castro and Robins (1975) have provided 
some of the few examples of comprehensive studies concerning the 
flow around three-dimensional bluff bodies. For their investigations 
they used a surface mounted cube and contrasted the results obtained 
in smooth uniform flow (Castro, 1973a), and in simulated boundary 
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layer (turbulent shear flow) (Castro and Robins, 1975), conditions. 
In addition to recording surface pressures, the use of the pulsed 
wire anemometer permitted measurements of mean velocity and 
turbulence intensity in the highly turbulent reversed flow region 
adjacent to the cubes and in the developing wake downstream of 
reattachment. These measurements enabled Castro and Robins to 
describe the nature of the cavity region within the near wake, 
and features, such as the strong swirling effects, in the develop- 
ing wake. Shear and turbulence in the approaching flow were found 
to have a significant effect both on the surface pressures on the 
cube and on the position of reattachment of the separated shear 
layers. In addition, Castro found that for '. 5 x 105 < Re < 1.4 x 105, 
the Reynolds number effects were insignificant providing that the 
model had very sharp edges. 
A numerical prediction of the flow around a three-dimensional 
surface mounted cube has been made by Vasili'c-Melling (1977) who 
modified a computer program containing a two-equation model of 
turbulence (k-c) to predict three-dimensional flows. The data of 
Castro and Castro and Robins was used for comparison with the values 
predicted in this work, but, this was only possible on the symmetry 
plane to which Castro et al had confined their measurements. 
Consequently, to provide detailed information over a more extensive 
field, Vasilic Helling made measurements of surface pressures on 
the obstacle and wall, streamwise velocities upstream of the 
obstacle, and the magnitude and direction of the mean velocity 
vector at points throughout the flow field in the vicinity of 
the obstacle. However, a five-hole pitot-probe (described by 
Bryer and Parkhurst, 1971) was used which, although simple to 
use, is unsuitable for recirculating regions and highly turbulent 
wakes, and therefore limits the extent of applicability of data 
for this particular flow. 
The problem of the effects of building wakes on downstream 
structures and aircraft led Peterka and Cermak (1975) to study the 
flow downstream of eight three-dimensional prismatic shapes, mounted 
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normal to the flow direction and subjected to a simulated atmospheric 
boundary layer. In their paper they presented detailed measurements 
of mean velocity and turbulence intensity in the near and far wake 
regions for two of the eight models. However, the data was obtained 
by means of hot-wire anemometry and this instrument, as with the 
five-hole pitot probe used by Vasilic-Melling, is unsuitable for 
use in highly turbulent reversed flows. Consequently, there may 
be significant errors in their measurements in these regions and 
this work should therefore only be used for its qualitative descrip- 
tion of the flow. 
Due to significant variations in the experimental data (mainly 
coefficients of pressure) on bluff bodies, derived from wind tunnel 
studies in different parts of the world, Leutheusser and Baines (1967) 
attempted to clarify a number of details regarding these flows. Their 
study, mainly involving pressure measurements, concerned the effects 
of ground-board length, Reynolds number, boundary layer thickness 
and wall-roughness on the flow around a number of three-dimensional 
bluff shapes. Their results demonstrated, amongst other things, a 
significant dependence of pressure coefficients on Reynolds number M1 
for Re < 2.105, but constant pressure readings above this value. 
They suggested that this effect resulted from reattachment of the 
separated shear layer on the body itself, a problem which does 
not arise in flows around thin two-dimensional shapes. 
The flow past axially-symmetric bluff bodies, which are 
effectively three-dimensional shapes, has been studies by a number 
of workers. Fail, Lawford and Eyre (1957) investigated the wakes 
behind a number of plates of different aspect ratios, their main 
interest being concerned with the extent of the recirculating flow 
regions. Measurements of velocity, turbulence and static pressure 
were made by Calvert (]. 967a, b) who investigated the wakes behind 
cones and discs. In addition to estimating the extent of the 
recirculation regions for the different bodies, Calvert recorded 
velocities and turbulence intensities in the near wake zone. 
However, as with Peterka and Cermak, a hot-wire anemometer was 
used for these measurements which limits the accuracy of the results. 
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An important problem which has received limited attention 
concerns the phenomenon of vortex shedding which is frequently 
associated with bodies of high aspect ratio. A review of the 
existing literature on the subject has been made by Mair and 
Maull (1971). Maull and Young (1972) have studied the effects 
of uniform and shear flows on the vortex shedding and base 
pressure on a high aspect ratio bluff body. Measurements were 
restricted to surface pressures on the models and velocity 
fluctuations (using hot-wires) outside the highly turbulent 
near wake region, in a position suitable to record the vortex 
shedding. 
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2.3 TWO-DIMENSIONAL BLUFF BODY FLOWS 
2.3.1 General 
In contrast to the literature on three-dimensional bluff body 
flows, which mainly describes work related to the effect of the wind 
on buildings, it is apparent that studies concerned with the flow 
over two-dimensional shapes have generally been motivated by a 
desire to investigate problems arising in aeronautical engineering 
(Nash, 1962). For example, the increase in drag accompanying 
separation of flow over an aerofoil is one problem in particular 
which has received a great deal of attention, often involving 
studies using backward facing steps'. The streamline nature of 
aerofoils has meant that experiments have not only been confined 
to turbulent flow conditions but to laminar flows and transition 
as well. This represents a major difference between aeronautics 
and bluff body flows where, because of high Reynolds numbers and 
sharp geometric features, laminar conditions do not generally exist. 
However, in some respects the nature of both laminar and turbulent 
recirculating flow is similar and some knowledge of the former may 
be desired by the worker primarily concerned with turbulent flow 
conditions. In addition, it is necessary to be aware of the conditions 
under which laminar flow may occur, an important consideration when 
planning model experiments in the wind tunnel. 
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Studies involving laminar flow over two-dimensional bluff 
shapes have been made by Moore (1960), Goldstein et al (1970), 
O'Leary and Meuller (1969), Macagno and Hung (1967), Iribarne et al 
(1972), Durst, Melling and wh itelaw (1973) and Denham (1974). Much 
of this work is based on flow visualisation and the use of hot-wire 
anemometry, (except Durst et al who used a laser), and, in general, 
the important near wake region has only been treated in a qualitative 
manner. Many of the above workers have been particularly interested 
in the relation between the recirculation zone length and the 
Reynolds number. 
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A survey of this literature, involving laminar flow conditions, 
was made but, as it is not directly relevant to the work presented 
in this thesis, a detailed review will not be given here. 
This review, then, deals solely with the turbulent aspect 
of two-dimensional bluff bodies flows. 
2.3.2 Experimental Studies 
Experimental investigations into the turbulent flow over 
two-dimensional bluff bodies have generally involved studies using 
either fences or backward-facing steps. Surprisingly little informa- 
tion exists regarding the flow over other bluff shapes possibly 
because these two provide sufficient information for those workers 
only interested in the basic mechanism of recirculating flows. 
To proceed with the fundamental approach to bluff body flows, 
while at the same time providing reliable data with which to test 
mathematical models, this research programme has dealt with the 
flow over three shapes; a backward-facing step, a forward-facing 
step, and a two-dimensional block. 
The use of the backward-facing step permits a detailed 
comparison to be made between previous work and that presented here. 
(This is necessary to check the validity of pulsed wire measurements. ) 
However, it is of particular interest to note that, although many 
studies have been made on the flow over this shape, very little 
reliable data exists for the region of particular interest - the_ 
near wake. 
The backward-facing step was also selected for treatment 
because it provides only one region of recirculating flow and appeared, 
therefore, to be the bluff body most likely to yield to mathematical 
treatment. 
I 
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However, in order to make some general comments on the nature 
of turbulent, recirculating flow, the two other models mentioned 
above, were also selected for study. In all three cases, the steps 
are surface mounted and subjected to a uniform flow with a fully 
developed turbulent boundary layer (thickness = . 7h) adjacent to 
the upstream surface. 
In this review, then, work on each of these three models 
will be considered in turn. 
2.3.3 Backward-Facing Step 
Probably the first detailed quantitative study of the turbulent 
flow over a backward-facing step was made by Tani, Iuchi and Komoda 
(1961). Their attempt to establish a fundamental understanding of 
the flow stemmed from an interest in the base presiure problem at 
supersonic speeds arising from flow separation over sharp edges. 
However, experimental problems of flow measurement with small 
models at supersonic speeds, together with a recognition of the 
similarity between the flow mechanism at both subsonic and super- 
sonic speeds suggested, to Tani et al, that useful work could be 
undertaken using more manageable (i. e. larger) models at low speeds. 
For their experiments, Tani et al used a backward-facing 
step of variable height subjected to uniform main flow conditions 
but with a boundary layer of . varied character, either 
laminar or 
turbulent, on the upstream surface of the model. In addition, 
they placed obstructions in the near wake region to investigate 
any modification to the flow which might occur due to their 
presence. 
Surface pressures were measured from tappings along the model 
and static pressures, in the mixing region of the flow, using a 
pressure probe. Pitot probes provided total pressure and flow 
direction data while a single hot-wire was used for the measurement 
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of both longitudinal and transverse (U, V) components of mean and 
fluctuating velocity, In addition, the turbulent shear stress (. iJV) 
was measured in the mixing region by inclining the wire at two' 
different angles to the flow direction. 
The use of pressure probes and hot-wires is questionable in 
regions displaying high turbulence and reversals of flow direction, 
which limits the validity of Tani et al's results to the mixing region 
and far wake. 
With the exception of very small step heights (h < . 5cms), 
Tani et al found that the base pressure was unaffected by either 
variations in step height, (therefore displaying Reynold's number 
independence), or boundary layer thickness, whether laminar or 
turbulent. The explanation for this was that the cavity flow is 
maintained chiefly by the turbulent shear, stress in the mixing layer 
which, in turn, is independent of the step height and boundary layer 
thickness. Tani et al demonstrated, from their results, that this 
turbulent shear stress approximately balances the pressure force on 
the step face. 
They also attempted, unsuccessfully, to calculate the flow 
pattern as a combination of the irrotational motion of an inviscid 
fluid, the cavity flow being represented by a point vortex behind 
the step. This predicted a very short bubble and emphasises the 
difficulty of calculating recirculating flows by means of potential 
flow theory. 
Abbott and Kline (1962) made experimental investigations of 
subsonic turbulent flow over single and double backward-facing steps, 
in a water-tunnel, to provide detailed information on a separated 
region and its interaction with the main flow. Their particular 
interest concerned stall conditions, (which, according to Prandtl, 
is characterised by a region of backflow), and they chose a backward- 
facing step geometry as this is associated with only one region of 
recirculating flow. Measurements on the step(s), which was produced 
by a change in tunnel dimensions, involved the use of a hot-film 
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probe for longitudinal mean velocity and turbulence intensity in the 
mixing region and far wake, and the use of. dye visualisation for a 
qualitative investigation of the near wake. The results all refer 
to uniform flow conditions with a fully developed turbulent boundary 
layer at separation. 
Abbott and Kline found that, for geometrically two-dimensional 
steps, three zones of flow existed following turbulent separation; a 
three-dimensional zone close to the step characterised by a number of 
rotating vortices, a two-dimensional zone downstream of the first and 
with reversed flow close to the wall (as recognised by Tani et al, 
-1961), and a time-dependent reattaching zone periodically changing 
its size. In addition, they found no change in the length of the 
three zones with Reynold's number for 2.104 < Re < 5.104, or with 
varying upstream turbulence intensity. 
The maximum value of turbulence intensity ýn the mixing 
layer was considerably lower than that found by Tani et al. In fact, 
the constant value of maximum intensity from three to twelve step 
heights downstream of the step suggests the possibility of errors 
in measurement. 
Nevertheless, this study does, for the most part, agree 
qualitatively with those observations of Tani et al and, in addition, 
reveals the presence of three-dimensionality in the separated flow 
behind a two-dimensional obstacle. However, it is felt that, for 
models where the width is significantly greater than the step 
height, strong three-dimensionality in the flow is probably 
restricted to the junction of the model with the tunnel walls. 
Detailed measurements of mean velocity, turbulence intensity 
and pressure have been made by Chaturvedi (1963) who investigated 
the separated flow caused by an axisymmetric pipe expansion. This 
study involved a number of different pipe expansion angles and one 
in particular, the 900 expansion, is the axi-symmetric case corres- 
ponding to the backward-facing step model. The flow upstream of the 
expansion was uniform (Re = 2.105) and'of low turbulence 
intensity 
as a result of the bellmouth entry to the pipe. Pressure probes 
were used for measurements of mean longitudinal velocity and 
pressures while hot-wires, single and crossed, provided the 
three components of turbulence intensity and the turbulent 
shear stress. However, due to the instrumentation used, the 
results are of doubtful validity in the near wake region - for 
example, the maximum reversed velocity was of the order of 0.15Uo 
considerably lower than that measured by Tani et al and others. 
In addition to directly reporting his results, Chaturvedi 
constructed the momentum and mean energy equations and used them to 
demonstrate the accuracy of his results. He also computed values 
of the terms in the turbulent energy equation which were then used 
to describe the relative magnitude of the terms and their variation 
with distance from the expansion point. 
Mueller, Korst and Chow (1964) made an experimental and 
theoretical investigation of separation, reattachment and redevelop- 
ment of an incompressible turbulent shear flow downstream of a step- 
type roughness element. (Their theoretical treatment, based on the 
assumption that the separated shear layer behaves like a free jet, 
will be discussed in section 2.4.1. ) 
For their measurements, Mueller et al used a. hot-wire 
anemometer from which they recorded values of mean longitudinal 
velocity and turbulent shear stress in the mixing layer and far 
wake. Results presented in their paper include the distribution 
of shear stress across one section of the mixing layer and the 
variation of maximum shear stress with downstream distance from 
the step. They demonstrated how the relatively high level of 
turbulent shear stress, typical of a free jet mixing region, 
decreases after reattachment and approaches, monotonically, the 
flat plate value of Klebanoff (1955), some forty step 
heights 
downstream. Unfortunately, their paper omits a number of 
important details regarding the experimental work; for example, 
no mention is made of the wind tunnel size, the upstream velocity 
distribution or the upstream boundary layer thickness. 
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Problems involving the reattachment pressure in separated 
flows at supersonic speeds have generally received more attention, 
both experimentally and theoretically, than the corresponding 
situation in incompressible subsonic flows. - Examples of the 
satisfactory application of semi-empirical methods for predicting 
the pressure in supersonic separated flows may be found in the work 
of Chapman et al (1957) and Korst (1956). The possibility of comparing 
the subsonic situation with the treatment developed for supersonic 
reattachment led Roshko and Lau (1965) to investigate the surface 
pressure distribution behind a variety of bluff shapes, including 
a backward facing step, at low speeds. 
The variation in pressure coefficient for the different 
bodies suggested that a new pressure coefficient be defined such that: 
p Cpm - Cpe Cpm 
1-Cpe ... 
(2.1) 
where Cp coef. of reattachment pressure rise 
Cpm max. pressure coeff. (beyond reattachment) 
Cpe min. pressure coeff. (= Cpb ) 
Using this relationship, Roshko and Lau demonstrated that a 
correlation exists between the results of overall pressure rise for 
all experiments on subsonic separated flows. In addition, they 
suggested the use of a reduced distance co-ordinate, X, where 
X r%j 
x 
... (2.2) Xr 
where X is the longitudinal distance from the separation point 
Xý is the distance to reattachment 
which, in conjunction with relation (2.1), collapsed all of their 
pressure data and that of Tani et al (1961) onto a single line. 
Roshko and Lau also attempted, unsuccessfully, to investigate 
the effect of initial boundary layer thickness on the flow. 
A similar study to that of Roshko and Lau has been made 
more recently by Narayanan, Khadgi and Viswanath (1974) who used 
a number of simple models, mainly backward-facing steps, to obtain 
reliable surface pressure data. A variety of models, similar to 
those of Tani et al, were subjected to a uniform, low-turbulence 
intensity flow with a thin turbulent boundary layer on the upstream 
surface at separation. 
Narayanan et al recognised the important effect of blockage 
due to the model on the flow and, in order to produce interference- 
free data (unlike most previous studies), introduced area-compensating 
wedges on the tunnel roof to simulate free stream conditions after 
separation. Experiments were performed with and without these 
wedges and comparisons of surface-pressure distribution made 
with respect to the work of Tani et al and Roshko and Lau. 
Narayanan et al found that the pressure distribution behind 
the base in the sepaiated flow region was highly sensitive to 
wind tunnel interference. However, they did not appear to 
recognise that variations in coefficient of presure results 
may also be attributed to different model arrangements and, 
more significantly, the choice of reference pressure (or 
velocity). 
In common with Roshko and Lau, Narayanan et al suggested a 
reduced coefficient of pressure, 
cpx = Px - Pmin 
Pmax - Pmin 
which, when plotted against 
X-X where XX is the distance from the step to 
h' the point on the X-axis where the pressure 
rise is 
I (CPmax - CPmin )' 
... (2.3) 
produced perfect similarity for all the surface pressure data 
presented in their paper. 
41.1 1 
4 
Beaman (1965) investigated the effect of fitting different 
length splitter plates to the base of a two-dimensional model with 
a blunt trailing edge. The aim of this work was to examine, in 
detail, the phenomenon of vortex shedding and the influence of 
splitter plates in suppressing vortex formation and reducing drag. 
The model with the longest splitter plate, (effectively eight step 
heights in length), corresponds to a backward-facing step situation, 
the results of which are reviewed here. 
Beaman made measurements of base pressure at'mid span and 
also at various points across the model base to check the extent 
of two-dimensionality in the flow. He used a hot-wire anemometer 
for investigating the flow in the model wake, where measurements 
of mean longitudinal velocity and two components of turbulent 
intensity were made. 
For a blunt based model with a splitter plate of at least 
six step heights in length, Bearman found no evidence of vortex 
shedding, suggesting that the flow had reattached to the plate. 
The occurrence of this reattachment was confirmed (at 5.8h) by 
oil flow patterns. In addition, he noted a higher base pressure 
coefficient (-0.22) than for models without, or with very short, 
splitter plates. 
Some of the more recent studies of flow over backward-facing 
steps have been motivated by the need to provide reliable data with 
which to formulate and test calculation methods. One such example 
is the work of Bradshaw and Wong (1972) who investigated the reattach- 
ment and relaxation of a turbulent shear layer caused by a perturbation 
in the form of a backward-facing step. 
For their experiments, Bradshaw and Wong used a low-turbulence 
level wind tunnel with the backward-facing step formed by a fairing 
in the contraction. In common with the experiments of Narayanan 
et al their tunnel was equipped with an adjustable roof to provide 
a zero pressure gradient on the floor downstream of the reattachment 
region. Measurements reported in their paper include mean velocity 
, 
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profiles using pitot-tubes, surface pressures using Preston tubes 
and turbulence intensities using hot-wires. 
The limitations of conventional experimental techniques 
prevented Bradshaw and Wong from studying the recirculating region 
of flow adjacent to the backward-facing step. However, they were 
able to make a very detailed investigation of the free shear layer, 
the reattachment region and the relaxation region, subsequently 
producing some significant comments on the mechanism of the flow. 
A contrast was attempted between the separated shear layer 
and the well-documented plane mixing layer (between a uniform stream 
and still air), but Bradshaw and Wong concluded that the differences 
were large even when the influence of the upstream boundary layer was 
negligible. However, perfect agreement cannot be expected as such a 
contrast can only be treated very approximately due to a number of 
fundamental differences between the two cases; for example, the 
effective velocity across the shear layer is not the free stream 
velocity, as for a plane mixing layer, but the sum of the excess 
velocity just outside the separated region and the reversed flow 
velocity inside. In addition, differences also occur due to such 
factors as curvature of the shear layer and the re-entrainment of 
stress bearing fluid at reattachment. 
If some adjustments for the above factors, (especially the 
increased velocity difference across the shear layer), are made to 
the results of Bradshaw and Wong and those of other workers presented 
in their paper, it is possible to demonstrate that the differences 
between the free shear layer and the plane mixing layer are not as 
large as first suggested. This is an important point as a correlation 
between these two flows may be useful in improving the understanding 
of recirculating flows. 
Bradshaw and Wong were particularly interested in the 
reattachment of the shear layer. At this point they found that 
the shear layer splits, the fraction deflected upstream being 
dependent on the initial boundary layer thickness; (for small 
43, 
thickness at least half the shear layer was found to be deflected 
upstream to supply the entrainment). Near reattachment, Bradshaw 
and Wong noticed a rapid decrease in the value of maximum shear 
stress and turbulence intensity, evidence that large changes in 
turbulent structure occur when the shear layer bifurcates. From 
this they concluded that-the large eddies which extend over most 
of the flow and produce much of the shear stress are roughly torn 
in two at reattachment. In addition, downstream of reattachment, 
they found that the flow bore little resemblance to the plane mixing 
layer or any other thin shear layer. 
As a result of the severe disturbance to the turbulence 
structure caused by reattachment, Bradshaw and Wong found that, 
even for the most simple reattaching flow (a backward-facing step), 
conventional boundary layer calculation methods were inapplicable 
for many step heights downstream of reattachment. 
To summarise then, while the paper of Bradshaw and Wong 
offers little new quantitative information on the near wake region, 
they have presented a useful discussion of some of the phenomena 
associated with recirculating flows. 
Another study which has been motivated primarily by the need 
to provide reliable experimental data in separated flows has been 
made by Denham (1974), who worked on the development-of a laser 
anemometer for recirculating flow measurements. This particular 
instrument has become increasingly popular, in the last few years, 
for use in turbulent flow conditions because of its linear response 
to velocity, wide velocity range and non-interference with the flow. 
However, the conventional laser, in common with the hot-wire anemometer, 
is unable to detect reversals in flow direction and it is this problem 
to which Denham directed his attention. 
To test the validity of his modified laser anemometer, Denham 
made a few measurements in the near wake region downstream of a 
backward-facing step. The experiment was carried out in a water 
tunnel under both laminar and turbulent flow conditions and 
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measurements of mean velocity and turbulence intensity recorded. 
Streamlines of the flow, calculated from the longitudinal mean 
velocities, 'and contours of turbulence intensity were presented 
for the recirculating region of flow. The results were compared 
with those of Abbott and Kline (1962), demonstrating good agreement 
for mean velocities but considerable discrepancies for the turbulence 
intensities. Denham proposed that the variation in turbulence 
intensity may have been due to changes in flow conditions during 
the course of his experiments. In addition, he was unable to 
make any measurements close to the step due to the interruption 
of the laser beams by the walls of the tunnel, a common problem 
in laser anemometry. 
The main interest in Denham's work concerned the development 
of laser anemometry and only limited attention was given to the 
actual results obtained by the instrument. Consequently, insufficient 
measurements downstream of the backward-facing step were made to 
permit a detailed discussion of the flow mechanism of the near 
wake. Nevertheless, his work does provide some quantitative 
results for a region of flow hitherto unsuited to experimental 
investigation and is therefore useful in the comparison with 
data obtained in this thesis. 
An investigation of a flow involving separation and reattach- 
ment to provide information for the benefit of developing calculation 
methods was recently made by Chandrsuda (1975), who used a backward- 
facing step for his work. The step was formed by a fairing in the 
contraction and, in common with other workers, an adjustable roof 
was used to simulate a streamline at infinity. 
Chandrsuda made extensive measurements of pressures, mean 
velocity, turbulence intensity and shear stress using flow visual- 
isation, pressure probes and hot-wires (U and X). A considerable 
volume of data was collected, (and presented in his thesis), for a 
large number of stations downstream of the step and comparisons 
made with the results of other workers. 
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Although Chandrsuda's work possibly forms the most detailed 
existing study of the flow downstream of a backward facing step, the 
use of pitot-probes and hot-wires brings into question the 
reliability of his data in the recirculating region of the near 
wake. (In fact Chandrsuda pointed out the need for more accurate 
means of measurement in this region. ) Consequently, the main 
contribution of this study is confined to that part of the shear 
layer deflected downstream after reattachment and the redeveloping 
boundary layer. _I 
Chandrsuda contrasted the free shear layer with the plane 
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mixing layer and found that there was fairly good agreement close 
to the point of separation where he noted high values of turbulence 
intensity and turbulent shear stress. However, as the reattachment 
region was approached the free shear layer tended to depart from 
self-preservation. 
Downstream of reattachment Chandrsuda recognised, in common 
with Bradshaw and Wong (1972), that a considerable distance was 
required for the shear layer to relax to the equilibrium boundary 
layer state. He concluded that, many step heights downstream of 
reattachment, the shear layer appeared to be a hybrid between a 
mixing layer and an ordinary boundary layer. 
Chandrsuda's study of the backward-facing step is probably 
the most recent comprehensive work of relevance to this thesis. 
Some papers have been written since, for example Davies and Snell 
(1977), and Minh and Chassaing (1977), but they contribute little 
to the existing body of knowledge already mentioned in this review. 
Apart from Denham's work, where use was made of a laser 
anemometer, little quantitative information exists for the highly 
important near wake region of flow - of particular interest in 
industrial aerodynamics. Lack of suitable instrumentation has 
restricted most workers to regions of flow downstream of reattach- 
ment for which a considerable amount of data now exists. 
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Some attempt has been made to contrast the free shear layer 
with the plane mixing layer, but further investigation is required 
before any final conclusions may be drawn. This could be of 
considerable importance in the prediction of separated flows. 
Table 2.1 provides a direct comparison between some important 
items of data for the backward-facing step found as a result of the 
various studies mentioned in this section. The comparison demonstrates 
the wide discrepancies between some of the results (a subject studied 
by Davies and Snell, 1977), and confirms the necessity to treat data 
from such studies with considerable caution. 
2.3.4 Forward-Facing Step 
In contrast to the considerable volume of work dealing with 
the turbulent, subsonic flow over backward-facing steps, only two 
examples of studies involving forward-facing steps could be found. 
There appears to be two reasons why most workers have 
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apparently ignored the geometrically similar forward-facing step. 
Firstly, the subsonic flow over a forward facing step is, to a 
large extent, only relevant to studies concerned with fundamental 
bluff body (building) aerodynamics, a subject not treated by many 
organisations until fairly recently and, secondly, where research 
is concerned with two-dimensional recirculating flows, the backward- 
facing step with its single "bubble" and fixed point of separation 
is the more suitable configuration. 
The aim of this thesis, however, is to expand the existing 
body of information relevant to fundamental bluff body aerodynamics 
and the forward-facing step, suitable as a second object of study, 
is the logical progression from the well-documented backward-facing 
step. 
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An investigation by Hillier (1976) concerning a forward- 
facing step has produced some useful data which may be used for 
comparison with the work in this thesis. 
Hillier was particularly interested in the separation of the 
wind at the leading edges of a structure which leads to high suctions 
and fluctuating pressures, a subject not adequately covered by the 
code of practice (CP3, Ch. 5, Part II). He recognised that, where 
buildings were squat or had long side walls, the separated shear 
layers could reattach to the structure enclosing a region of 
reversed flow. 
For his experiments, Hillier used a two-dimensional forward- 
facing step and subjected it to a uniform flow with varying turbulence 
intensity and scale. (This was accomplished using a variety of 
different grids upstream of the model, and two step sizes. ) The 
model was not fitted with a splitter plate and therefore lacked 
the upstream "bubble" associated with a true structure set in 
the earth's boundary layer. Consequently, the investigation 
was restricted to the single recirculating region downstream 
of the step. 
Measurements were made of surface pressure (mean and 
fluctuating) by means of pressure tappings along the centre line 
of the model and two components of mean velocity (U"and'V). A single 
hot-wire probe was used for recording the longitudinal (U) component 
and a cross-wire for the transverse (V) component. No significant 
three-dimensionality of the flow was observed. 
From the data, Hillier constructed profiles of surface 
pressure and mean velocity for the entire flow field with the 
exception of regions where the turbulence intensity exceeded 25%. 
(This of course included the important recirculating, reversed flow 
region. ) The variation of pressure and velocity with varying upstream 
turbulence conditions (intensity and scale) was investigated and 
Hillier found evidence that an increase in turbulence intensity 
reduced both the pressure at separation and the distance to 
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reattachment. He was, however, unable to attribute any effects to 
a variation of turbulence scale. 
Roshko and Lau (1965) investigated the reattachment region 
in a variety of geometrical configurations including a backward- 
facing step (2.3.3) and a forward-facing step, the latter model 
being identical to that used by Hillier. However, the only results 
they presented were surface pressure measurements from which they 
attempted to correlate the reattachment pressure rise for the 
different bodies. Using oil visualisation techniques, Roshko 
and Lau established that reattachment occurred some 41 step 
heights downstream of separation, somewhat greater than the 
value found by Hillier. 
The details of the two investigations by Hillier and Roshko 
and Lau are shown in Table (2.2). Their results permit a comparison 
to be made, in respect of surface pressures and some mean velocities, 
with those recorded in this thesis. However, both of the investiga- 
tions described above were unable to deal with the recirculating 
region of flow which is of particular interest here. In addition, 
none of their models were fitted with an upstream splitter plate 
which would create an additional "bubble" and may significantly 
affect the flow downstream of the step. 
2.3.5 Two-Dimensional Block 
The third model selected for study in this thesis is a two- 
dimensional block, effectively a combination of a backward-facing 
and forward-facing step. 
There are two limiting conditions for such a model; on the 
one hand, as the two faces are brought closer together, the model 
tends to a fence, and on the other, as the two faces are separated, 
the model reverts to a forward-facing step, reattachment of flow 
occurring on the upper face (Hillier, 1976). The fence configuration 
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has been studied by a number of workers (for example, Fail et al 
(1957), Good et al (1968), Arie et al (1956) and Emery et al (1968), 
and the forward-facing step will be considered in this thesis 
leaving, as the only alternative, a situation whereby separation 
between the two, faces is such that reattachment does not occur 
on the upper surface of the body. This geometrical configuration 
conforms to a typical, low, (two-dimensional) building in the 
environment. Naturally, an understanding of the flow around 
such a shape would be of particular interest to the field of 
fundamental bluff body aerodynamics. 
Two previous studies have been made concerning the flow 
over a two-dimensional block satisfying the criteria above, (i. e. 
no reattachment on the upper surface) and providing useful data for 
comparison with this thesis. 
Detailed experimental measurements in the wakes of a two- 
dimensional block (of square cross-section) and a'cube were made 
by Counihan (1971) in order to provide data for testing the validity 
of a theory developed by Hunt and Smith (1969). This theory 
predicted the rate of decay of the perturbation mean velocity and 
Reynolds stresses in the wakes of buildings. - 
In his experiments, Counihan subjected the models to a 
simulated atmospheric boundary layer (Counihan, 1968) and recorded 
measurements of mean velocity, turbulence intensity and turbulent 
shear stress. A hot-wire anemometer was used for this purpose. 
Profiles were presented of perturbation velocities and Reynolds 
shear stresses at a number of stations downstream of the two- 
dimensional block. (Results within the recirculation region 
should be treated with caution due to the limitations of hot- 
wire anemometry. ) In addition, Counihan also produced contours 
of constant longitudinal, lateral and vertical components of 
turbulence intensity. 
For the particular two-dimensional block studied, Counihan 
found that the significant wake effects disappeared at around a 
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distance of eighteen model heights downstream of the rear face. 
It is interesting to note that this distance is considerably longer 
than that for the cube, presumably as the cube produces strong three- 
dimensional effects which result in a more rapid diffusion back to 
the original flow conditions. Counihan also found that the maximum 
Reynolds shear stress occurred approximately half a model height 
above the block and for distances up to four block heights down- 
stream; this coincided with the region of maximum rate of change 
of velocity. From flow visualisation, it was estimated that 
reattachment occurred at around a distance of four block heights 
downstream. 
Finally, Counihan established that vortex shedding was 
associated with the flow around the cube but he found no evidence 
of the phenomena in the case of the two-dimensional block. 
Durst and Rastogi (1977) recently reported a theoretical 
and experimental study concerning the turbulent flow over a two- 
dimensional square obstacle mounted in a water channel. They used 
a one-dimensional laser anemometer to make a few measurements of 
mean longitudinal velocity and turbulence intensity for a considerable 
distance upstream and downstream of the block. ' This was complemented 
by some flow visualisation studies in those areas inaccessible to the 
laser anemometer. 
Profiles of mean velocity and turbulence were presented and, 
although prevented from making an investigation very close to the 
block (due to difficulties in aligning the laser beam), they were 
able to record some reliable results within the recirculating, 
near wake region of the flow. The separated flow region was 
found to extend from the upstream corner of the block to about eight 
block heights downstream of the rear face, a distance approximately 
twice as long as that noted by Counihan (1971) in his experiments. 
(This may be accounted for by considerable differences in geometry 
for the two investigations. ) No quantitative measurements were made 
for the upstream "bubble" because of insttument limitations. 
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In addition to the experimental investigation, Durst and 
Rastogi attempted to solve the Reynold's equations for the flow by 
numerical methods and using, for different regions, two equation 
(k-c) and three equation (k-e-uv) models of turbulence. (These 
are discussed in more detail in Chapter 3. ) The predicted results 
indicated that reattachment of the separated streamline occurred 
before the downstream edge of the block; this conflicts with the 
measured reattachment point found to be far downstream of the 
block. Considerable errors were also found in the calculated 
values of turbulence intensity and kinetic energy, although for 
the latter it seems unlikely that a comparison could be made with 
1.572 which Durst et al attempted. Not surprisingly, they concluded 
that existing mathematical models of turbulence were inadequate in the 
prediction of turbulent flows with separation. 
In common with those reviews of the forward-facing and 
backward-facing steps, the details of the two investigations into 
two-dimensional blocks are summarised in Table 2.3. 
The complexity of the separated flow associated with this , 
third model has meant that both the quantity and, reliability of the 
existing data is extremely limited. There are'no details of surface 
pressure measurements and even the distance to reattachment, probably 
the simplest item to record, varies by a considerable amount between 
the two investigations. Nevertheless, the qualitative descriptions 
of the flow and the few laser anemometer measurements may provide 
some useful assistance in analysing data recorded with the pulsed 
wire anemometer in this thesis. 
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2.4 THEORETICAL STUDIES 
Experimental analysis, while producing useful data and an 
understanding of particular flow situations, is not an entirely 
satisfactory method for the analysis of bluff body flows. This 
review (2.3) has clearly demonstrated the limitations of experimental 
work; for example, the lack of suitable instrumentation and the 
consequently considerable variation in results by different workers 
on similar geometric shapes is a clear indication of deficiencies in 
such methods of analysis. 
In contrast to the experimental method, the theoretical treat- 
ment of bluff body flows has received rather limited attention in the 
past, necessarily due to the basic complexity of the problem. For 
example, two (and three) dimensional separated flows, of the kind 
associated with bluff bodies, display none of the simplifying 
features of 'thin-shear' layer (boundary layer) type flows which 
permit reduced forms of the Navier-Stokes equations and consequently 
the possibility of theoretical treatment. 
However, the ability to predict the behaviour of separated 
flows quantitatively is extremely desirable. It would permit a 
series of calculations to replace expensive and time-consuming 
programmes of experimental work (Denham, 1974)'and offer the 
chance to inspect a particular situation under a variety of 
boundary conditions. In addition, for the engineer engaged in 
building aerodynamics, any theoretical method, even if significantly 
empirical by nature, would be of considerable benefit. 
Currently, there are two theoretical approaches which are 
available for the analysis of bluff body flows. These are the 
approximate analytical methods which rely either on potential flow 
theory or some simplifying analysis of the governing equations of 
the flow and the numerical methods based on the solution of the 
finite-difference forms of the Navier-Stokes equations together 
with certain turbulence models. At present, little success may 
be claimed for either approach in the analysis of three-dimensional 
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separated flow and only limited achievements have been wade in the 
case of the two-dimensional situation. 
A discussion and review of the numerical method of analysis, 
together with a description of the equations of motion and the 
relevant modifications to a current computer program carried out 
during this research work, will be covered in the following 
Chapter 3. Consequently, only approximate analytical methods 
will be reviewed here in Chapter 2. 
2.4.1 Approximate Analytical Methods 
Approximate methods for the analysis of turbulent separated 
flows have been attempted by a number of workers in the past, generally 
with only limited success. 
Tani et al (1961), in an experimental study reviewed previously 
(2.3.3), noted that the flow separation associated with a backward- 
facing step incorporated a steady recirculating cavity flow. 
Consequently, they attempted to define the flow pattern as the 
irrotational motion of an inviscid fluid, the cavity flow being 
replaced by a point vortex behind the step. Their calculation 
involved the conformal mapping of the physical Z-plane into the 
auxiliary t-plane with the requirement of a stationary vortex. 
This method, however, predicted a reattachment distance of 1.7 times 
the step height in contrast to the measured value of around 6.0 times 
the step height. 
A similar theoretical method was used by Kiya and Arie (1972) 
to predict the pressure distribution on the front surface of a fence 
mounted on a flat plate. After making some adjustments to a number 
of empirical constants, they obtained satisfactory agreement with 
the pressure measurements of Good and Joubert (1968). However, 
an attempt at predicting the path of the dividing streamline was 
only satisfactory for a short distance downstream of the fence, 
their theory being unable to predict reattachment. 
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As an alternative to the methods of Tani et al, and Kiya et al, 
a number of workers have developed theories, for the prediction of 
the flow over two and three dimensional obstacles, involving the 
solution of the governing flow equations in conjunction with a 
number of, sometimes elaborate, assumptions. 
Sforza and Mons (1970) attempted to predict the regions of 
flow far downstream of a two and three dimensional obstacle attached 
to the leading edge of a flat plate. They were particularly 
interested in the effect of the wake-like disturbances from the 
obstacle on the development of the boundary layer along the plate. 
Using an eddy viscosity which was a function of the streamwise 
co-ordinate only, Sforza and Mons were able to predict velocity defect 
profiles normal to the plate. These were found to be in good agree- 
ment with their experimental results. 
Hunt and Smith (1969) and Hunt (1970,1972) developed a 
theory which related the overturning moment (couple) on a body to 
an integral of the wake velocity deficit for both two and three 
dimensional surface mounted bodies within a turbulent boundary 
layer. Using this theory, they were able to predict mean velocities, 
Reynolds stresses and turbulence intensities in the wake behind a 
two-dimensional body (representing a building). An eddy viscosity, 
which was assumed constant throughout the wake, was. used in the 
calculations, and the theory tested by comparing the calculated 
values with the experimental data of Counihan (1971). 
For the two-dimensional block, positive values of mean 
longitudinal velocity were predicted close to the downstream face 
of the model. These appeared plausible but it was later found 
necessary to ignore them when flow visualisation demonstrated the 
existence of reversed flow up to six step heights downstream. 
Following reattachment (for x/h > 6) good agreement was 
established between the predicted and measured values of mean 
velocity. 
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The theory gave an adequate estimate of turbulence intensity 
for distances further downstream than ten step heights, the agreement 
between theory and experiment improving with increasing x/h. However, the 
theoretical estimate was high for x/h < 10. and unreliable, due to 
the reversed flow, for x/h < 6. 
As a result of their work, Hunt proposed a number of formulae 
to provide a simple estimate of the maximum effect of a building on 
the mean velocity and longitudinal and vertical components of 
turbulent intensity some distance downstream. Although these 
simple formulae may appear extremely useful, Hunt pointed out 
that discrepancies in the theory resulted in errors of around 
13% in the prediction of maximum quantities and as much as 45% 
elsewhere. This is obviously unsatisfactory and was attributed 
to the assumption of a constant eddy viscosity. In addition, while 
noting that the theory presented a coherent picture of the flow, Hunt 
suggested that a "more accurate theory with more elaborate assumptions 
would probably not. be worthwhile pursuing". 
Counihan, Hunt and Jackson (1974) adopted an earlier theory 
of Hunt (1971a), (concerning the laminar wake behind a two-dimensional 
obstacle), to predict certain properties of turbulent wakes behind 
two-dimensional surface mounted obstacles immersed in thick turbulent 
boundary layers. These properties included the velocity defect, (the 
difference in velocity between the undisturbed boundary layer profile 
and the disturbed profiles in the wake of the obstacle), the shear 
stress and the turbulence intensity. They also attempted to relate 
the velocity defect in the wake to the force on the obstacle, 
(analagous to the relation between total momentum and drag in 
the wake behind a body in uniform flow). The theory was based 
on a number of simple assumptions: - 
(a) k«h« 6 
where k- height of roughness elements; h= height of 
obstacle; and 6- boundary layer thickness. 
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(b) Far downstream of the body, the mean velocity distribution 
in the wake returns to its value in the undisturbed boundary 
layer. 
(c) The mean velocity profile in the upstream boundary layer can 
be described by a power law in the outer region and a 
logarithmic profile close to the wall. 
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(d) Far downstream of the body, the wake can be divided into 
three regions; a wall region where production balances 
dissipation, a mixing region where the flow is self- 
preserving and an external region which may be considered 
as an inviscid perturbation of the incident boundary layer 
flow. 
In addition, a simple assumption was made relating the shear 
stress and the mean velocity gradient which was subsequently justified 
by satisfactory agreement of the analysis with experiment. This 
suggested, to Counihan et al, that a simple eddy viscosity could 
describe adequately some of the important characteristics of the 
wake behind two-dimensional surface mounted obstacles. 
The theory was tested using the experimental measurements 
of Counihan for the flow over a two-dimensional block, and the work 
of Plate and Lin (1965), concerning mean and fluctuating velocity 
measurements behind wedge shaped obstacles in a thick turbulent 
boundary layer. This comparison showed that the theory, while 
being unable to predict adequately the distribution of shear stress 
and turbulent intensity across the wake, could suggest the dependence 
with distance downstream of the maximum shear stress and turbulent 
intensity, and could also describe the maximum velocity decay 
reasonably well. In addition, they were able to show how the 
wake was related to the pressure field close to the body. 
As a result of their study, Counihan et al made the following 
conclusions: 
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(1) The maximum reduction in wind velocity is proportional 
to (x/h)-1 and the vertical displacement of the point of 
, maximum velocity deficit is proportional to (x/h)I. 
(2) The maximum increase in turbulence intensity decreases 
at (x/h) 
2 
(3) The theory gives the correct self-preserving form for the 
distribution of Reynolds stress. 
(4) The theory suggests that the velocity deficit is affected - 
by the roughness of the terrain. 
Castro and Robins (1975) compared their experimental data for 
the flow over a surface mounted cube immersed in a thick turbulent 
boundary layer with the theory of Hunt and Smith (1969) and Hunt 
(1970). Although the basic assumptions, including. the requirement 
of small velocity deficits, of Hunt's theory were violated, the 
mean velocity results seemed to exhibit reasonable agreement with 
the basic similarity predictions of the theory. Castro and Robins 
found this rather surprising and suggested the need for further 
theoretical and experimental work before making any comments on 
the general usefulness of Hunt's theory. 
The theories of Sforza and Mons (1970), Hunt-and Smith (1969), 
Hunt (1970) and Counihan et al (1974), while offering some improvement 
on the potential flow investigations of Tani et al (1961) and Kiya et 
al (1972), tend to be limited in applicability. It appears that the 
theories result in unreliable predictions in the case of three- 
dimensional obstacles, and for two-dimensional shapes only the 
mean velocity defect can be adequately predicted. Considerable 
errors, pointed out by Hunt (1970), exist in the predictions of 
shear stress and turbulence intensity although the maximum values 
of these quantities are reasonably well estimated. All the theories 
require that the velocity deficits must be small and this restricts 
the analysis to regions downstream of the recirculating near wake, 
of interest in this thesis. In addition, the analytical work reviewed 
has been confined to only simple geometric situations and it would 
be interesting to investigate the applicability of the theories to 
other geometries, without making major modifications. 
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Some simple, highly empirical theories, have been proposed 
by some workers to investigate a very limited number of features 
in certain specific separated flows. For example, Mueller, Korst 
and Chow (1964) suggested a flow model in which the separated boundary 
layer behaved like a free jet from which it was possible to derive an 
equation for the dimensionless turbulent shear stress. In addition 
they derived a theoretical velocity profile and demonstrated, (by 
comparison with their experimental results), that, downstream of 
reattachment, the mean velocity profiles constituted a one-parameter 
family, the same as for a boundary layer developing towards separation. 
This enabled Meuller et al to develop an integral method for calculating 
the redeveloping turbulent boundary layer. Although they found good 
agreement with experimental data it should be emphasised that their 
work is confined to a backward facing step and the theory is of 
doubtful validity for any other geometric configuration. 
Tanner (1975) developed a theory for the prediction of the 
pressure at the reattachment point in subsonic two-dimensional 
steady base flow. His analysis was based upon calculations concerning 
the loss of momentum caused by the flow past the body, a number of 
empirical relations being used to derive a final formula to predict 
the pressure coefficient at reattachment: 
Cpr m 0.357 Ti + (1 - 0.357 n) Cpb .. (2.4) 
where ' Cpb is the base pressure 
n is an efficiency factor which is related to the 
base pressure 
A comparison of theoretical pressures at the reattachment 
point with experimental values showed good agreement between theory 
and experiment. However, in common with Mueller et al (1964), the 
work of Tanner, although developed for a typical subsonic separated 
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flow, was only tested against experimental data for a backward-facing 
step and it would be interesting to investigate the validity of his 
formula for the flow resulting from other bluff bodies. 
The general conclusions for all the analytical methods 
reviewed in this section are as follows: 
1. The potential flow methods of Tani et al and Kiya et al 
are only suitable for predicting a limited number of features 
of the flow upstream of a two-dimensional bluff body. 
2. The more complex theories of Hunt and others are suitable 
for regions far downstream of the body. Although these 
theories apply to both two and three dimensional obstacles, 
predictions in the case of the more complex shapes are 
unreliable and extremely limited. For the two-dimensional 
configuration, apart from mean velocities, only the 
qualitative variation of shear stress and turbulence 
intensities are adequately predicted. 
3. The simple formulae derived by Meuller et al and Tanner, 
while being of some benefit, probably only apply to the 
backward facing step configuration. 
Thus, this type of theoretical treatment (as, opposed to 
numerical techniques of solving the Navier-Stokes equations), would 
appear to have rather limited applicability. No one method provides 
a solution for the complete flow domain and little information may 
be obtained for the near wake region. In addition, some of these 
theoretical studies are highly complex (e. g. Hunt, 1970), the 
results being of questionable benefit to the practical engineer. 
However, the theoretical analysis of separated flows is 
unlikely to be simple and the work reviewed here may eventually 
lead to an improved understanding of the subject. 
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CHAPTER 3: NUMERICAL METHOD OF ANALYSIS 
3.1 
. INTRODUCTION 
Two theoretical techniques exist for the treatment of turbulent 
recirculating flows; the analytical methods (discussed in the previous 
chapter) and the numerical methods. This chapter deals solely with 
the numerical methods of analysis. 
Together with the equation of continuity and the boundary 
conditions specifying a particular problem, the Navier-Stokes 
equations are sufficient to define the motion of viscous fluid in 
both laminar and turbulent conditions of flow; However, with the 
exception of a few special cases (such as laminar pipe flow), it 
is not possible to obtain a general solution to the Navier-Stokes 
equations. Consequently, numerical methods of analysis are 
necessary to provide solutions for most laminar, and all turbulent 
flow problems. 
A suitable method of analysis requires the derivation of the 
finite-difference forms of the partial-differential flow equations 
which may, using a suitable method of solution, be solved directly 
for laminar flow problems. Although the same approach could in 
principle be used for turbulent flows, difficulties arise because 
important changes in eddy structure occur over a spatial scale 
which may well be 1000 times smaller than the dimension of the 
flow domain of interest. (For example, the eddies responsible 
, for the decay of turbulence in gaseous flow are of the order of 
0. lmm. ) When using a numerical procedure it is necessary to 
calculate the values of. variables at discrete points and, if the 
effects of small eddies are to be included, a vast amount of storage, 
greatly exceeding the capacity of any currently available computer, 
would be required for the solution of even a tiny area of turbulent 
flow. 
61 
Fortunately, for practical purposes, every detail of the 
micro-scale turbulent nature need not be known and it is sufficient 
to solve the''time-averaged' forms of the flow equations. The time 
averaged properties of turbulence vary more gradually in space and 
consequently a coarser grid may be adopted for use in the solution 
procedure. However, the formation of these time-averaged equations 
results in additional terms which are unknown and therefore require 
to be approximated or 'modelled'; this is called turbulence modelling. 
A number of turbulence models have been proposed in the past and these 
are treated in detail by Launder and Spalding (1972b). The choice of 
a particular model, approximating the unknown terms, is dependent on 
the flow in question. 
This chapter, then, summarises the partial differential 
equations which govern turbulent flows and derives their time- 
averaged forms. The problem of 'closure' and the need for a mathe- 
matical model is explained. Following this, a review is given of 
mathematical models, from very simple algebraic to highly complex 
multi-equation models, and, finally, a model is justified for use 
here. 
A current computer program, developed by Pun and Spalding (1976) 
and utilising the chosen model, was selected for use in this research. 
The chapter includes a brief outline of the calculation grid, finite 
difference equations, order of solution and boundary specifications 
associated with the program. Finally, the extensive modifications 
made to the program, to permit solutions for the recirculating 
flows investigated here, are discussed. 
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3.2 THE EQUATIONS OF MOTION AND THE DERIVATION OF THEIR 
TIME-AVERAGED FORMS 
For incompressible, isothermal flow, in the absence of external 
body forces, the time dependent forms of the mass and momentum 
conservations equations may be expressed in Cartesian tensor notation 
as follows: 
Momentum conservation (Navier-Stokes equations) 
; aü; + Uj aü; 1 aP +v a_ üA at ax; p ax; - ax? 
where repeating j-suffix indicates summation for j equal to i, j, k. 
.. (3.1) 
e. g. in x-direction, 
nAAAAAAAnAn 
8U 
+u 
au 
+v 
au 
+ 
Wau lap 
+v3U+ 
82U 
+ 
32U 
3t ax ay az p ax 
[3x2 
Byß 8z2 
Mass conservation (Continuity equation) 
A 
aXJ 
AAn 
au 2v 2w 
a0 
ax ay- 3z 
A 
where, U; are instantaneous velocity components 
x; are cartesian co-ordinates 
A P is instantaneous pressure 
t is time 
p is fluid density 
and v is kinematic viscosity 
.. (3.2) 
6ýJ 
The instantaneous velocity may be considered as the sum of 
a mean velocity and a fluctuating velocity. (Note: in the case of 
laminar flow the fluctuating component does not exist. ) 
A 
Thus, U; = U; + u; 
where, U; are the mean velocity components 
and u; are the fluctuating velocity components. 
Such that, 
T 
U; _. 
1U dt 
T 
0 
where T is a time interval which is long compared with the time 
scale of the main motion. 
Similarly, 
PP+p 
where P is the mean pressure 
and, p is the fluctuating pressure 
Substituting equations (3.3) and (3.4) into (3.1) and (3.2), 
and integrating over the time interval T (time-averaging) yields:. 
9TT. Tt_ 9tt. .. "'A.. _ I -A 7 In .. 
92T?. 
.. (3.3) 
(3.4) 
"I u- out u Qu" t or vv ul 
2 at aX; aX; p- ax ax; 
ate 0 .. (3.6) aX; 
and 
auj- 
=0 (3.7) 
ax; 
Using, uu uT uj.. -a. + 
ui a g, .. (3.8) 
and assuming steady flow, 
-L' 
= 0, 
at 
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the equations become, (in their time-averaged forms): 
u; au; a_I aP +a v auL uuj 3: q p aX; aX; aX; 
and 
ate. 0 
aX; 
.. (3.9) 
.. (3.10) 
Equation (3.9) differs from the Navier-Stokes equation for 
laminar flow only in the term - ujuj, the time-averaged product of 
the velocity fluctuations u; and uff. This term is called the 
"Reynolds stress" and it represents the transfer of momentum by the 
turbulent motion. The Reynolds stress term (u2, uv, Ui, etc. ) is a 
new unknown for which some assumption must be made to enable the 
closure of the equation set. This assumption, called a "turbulence 
model", may be a simple algebraic relationship or, at the other 
extreme, a group of partial differential transport. equations. 
A review of such models is given in the next section. 
6i. 
3.3 REVIEW OF MATHEMATICAL MODELS OF TURBULENCE 
The first model of turbulence was developed by Boussinesq (1877) 
in which he suggested that the Reynolds shear stress resulting from 
the cross-correlation of fluctuating velocities, could be replaced 
by the product of the mean velocity gradient and a quantity termed 
the turbulent viscosity; 
9 
(for boundary layer flows) 
-p üv lit 8U 
ay 
where lit is the turbulent viscosity. 
In contrast to the molecular viscosity (V), the turbulent 
viscosity is not a property of the fluid but is highly dependent on 
the structure of turbulence at a particular point. - 
.. (3.11) 
Prandtl (1925) suggested an algebraic relationship, to define 
the turbulent viscosity, which became known as the mixing length 
hypothesis and is still considered satisfactory for many problems 
today. His hypothesis states that: 
ut in p tm l au 
ay 
or lit p Vt R.. 
.. (3.12) 
where, Rm is a characteristic length scale of the turbulent motion 
(the mixing length) 
au is the mean velocity gradient 
ay 
and Vt is a characteristic velocity scale of the turbulent motion. 
Prandtl's hypothesis required that the mixing length, Lm, be 
prescribed algebraically. This was taken a step further by Von Kärmän 
(1930) who actually specified a value for Rm as: 
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! Cm aU a' u 
ay aye 
However, this relationship leads to results which are in 
disagreement with measurements other than those in the vicinity of a wall. 
Other algebraic formulae to describe the turbulent viscosity 
have been proposed in the past but these tend to lack the width of 
applicability of the mixing length hypothesis and are, therefore, 
not reported here. ' 
Although Prandtl's hypothesis may provide the best algebraic 
'turbulence model, it does contain a number of serious defects. For 
example, the turbulent velocity (Vt) is taken as the product of the 
mixing length (£m) and the mean velocity gradient (DU/By) which implies 
that the turbulent viscosity becomes-zero when the mean velocity 
gradient is zero. This is in contradiction to experiment where, 
for example, along the centre line of a plane channel (Way = 0) 
the value of turbulent viscosity is only 20% less than its maximum 
value. A further defect concerns the fact that local properties of 
the turbulence (such as velocity fluctuations) are determined, not 
only by events at the point in question, but also by influences which 
may have originated upstream, in the case of boundary layer flows, and 
downstream, in the case of recirculating flows. The mixing length 
hypothesis is unable to take into account this 'non-local' character 
of turbulence and is therefore inapplicable to the study of bluff 
body flows. 
To overcome the defects of the mixing-length hypothesis, 
Prandtl (1945) and Kolmogorov (1942) investigated the use of a 
differential equation model for some parameter of the turbulent 
viscosity. Instead of relating the turbulent velocity (Vt) to 
the mean velocity gradient they chose the time-averaged turbulence 
kinetic energy (k), an actual property of the turbulence; 
Vt a vr-k 
where k, the turbulence energy, -1 (ü + v2 + W-2) .. (3.13) 2 
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This is superior to the previous relation as the turbulence 
energy is not specified to be zero in regions where the mean velocity 
gradients are zero. Therefore, a value of turbulent viscosity will 
be defined in this region. 
To evaluate the turbulence energy, Prandtl suggested a 
differential equation with k as the dependent variable. (The 
equation has the advantage of taking into account the influence of 
neighbouring regions on the local turbulence energy. ) 
The turbulence energy equation may be derived by multiplying 
the momentum equation by the turbulent velocity fluctuation u; and 
subsequently time-averaging. (Note: the momentum equation (3.1) 
must first be arranged into its component form using (3.3) ). 
Substituting for k (equation (3.13)) gives, (for steady flow): 
Uj ak 
axi 
I 
where, c 
u; uj am 
axe 
II 
z 
va 
a xj 
u-k +E.. (3.14) 
axi p 
III IV 
.. (3.15) 
Equation (3.14) expresses the fact that changes of kinetic 
energy (I) of a small element of fluid occur (Launder and Spalding, 
1972) as a result of an imbalance between the generation of k by the 
interaction of shear stresses with mean velocity gradients (II), 
diffusive transport of k by pressure and velocity fluctuations (III), 
and destruction of k by viscous action (IV). 
Approximations for the terms on the right hand side of equation 
(3.14) are required in order to solve the unknown correlations. Prandtl 
and other workers made the following assumptions while dealing with a 
reduced form of the k-equation suitable for a two-dimensional boundary 
layer. 
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i. e. U3k V3k - üV 8U - a vk + vP -e + 
3x ay 3y 8y p 
I II 
Term I was approximated using equation (3.11) 
III 
au -p üv ut - 
ay 
Term II was approximated by assuming that the diffusive action of 
turbulence is similar to molecular diffusion 
- (pvk + vp) constant xpk£ ak = U, ak 
By 6k ay 
where 6k is a constant 
.. (3.16) 
.. (3.17) 
Term III, the dissipation term, was assumed to be controlled by the 
process by which energy is transferred from larger to smaller eddies, 
and this process supposed to be dependent only on p, k and Z. Thus, 
from dimensional considerations; 
3/Z 
e CD pk.. (3.18) 
R 
where CD is a constant. 
Thus, equation, (3.16) may be rewritten as; 
23 
U ak + Vak [! 1 aa ak _p k1 
ax ay 
ut 
ay 
+ 
ay [6k ay °I 
.. (3.19) 
Although the use of the above differential transport equation 
for turbulent energy (k) in the turbulent viscosity hypothesis permits 
some improvement on the original mixing length hypothesis, it is still 
necessary to prescribe one variable (1, the length scale, in this case), 
algebraically. Such a turbulence model, incorporating only one 
differential transport equation, is called a 'one-equation model of 
turbulence'. 
Using the one-equation model discussed above, it is found 
that, while k/ provides a good approximation to the velocity scale 
of turbulence, the transport effects on the length scale, which are 
equally as important, are not precisely modelled. Nevertheless, for 
a restricted class of flows, which may be handled by a one-equation 
model of turbulence, the mixing length hypothesis gives nearly as good 
predictions for much less work. 
Other attempts at using a one-equation model of turbulence 
have been made by Bradshaw et al (1967) and Nee and Kovasznay (1969). 
In neither case has the problem of transport of length scale been 
solved and their models are no more satisfactory than that provided 
by the mixing length hypothesis. In order to investigate recirculating 
flows it is necessary to use models in which the transport effects on 
the turbulence length scale are accounted for. 
To improve upon the performance of one-equation models of 
turbulence a number of workers have investigated the use of two- 
equation models, usually involving separate differential equations 
for both the turbulent energy (k) and the length scale (R). Models 
of this type utilise the same formula for turbulent viscosity as 
that used for the models discussed previously, i. e. 
t 
lit p k'2 R (Prandtl-Kolmogorov formula) 
The importance of correctly specifying the length scale, using 
a transport equation, may be emphasised in respect of recirculating 
flows, that is, flows governed by elliptic equations*. In these flows 
convective transport is extremely important and it is far more difficult 
than in-boundary layer flows to determine the length scale profile by 
measurement. 
* Elliptic flows are those where perturbaticns of conditions at any 
point in the flow can influence conditions at any other point. 
Such flows are governed by partial differential equations of the 
type known as "elliptic". 
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The additional equation in a two-equation model of turbulence 
does not require the length scale to be necessarily the dependent 
variable; any variable which is made up of some product of k and 
k will suffice. The derivation of this additional equation is 
carried out by manipulating the momentum equations in a similar 
manner as for the k-equation. As before, the various correlations 
(unknowns) in the second equation must be represented by terms which 
are known or can be found. 
The first two-equation model, suggested by Kolmogorov (1942), 
was based on differential equations for the turbulence energy (k) and 
the characteristic frequency of the energy containing motions (f) such 
that; 
1, 
fk2 
and, therefore, lit pf 
However, this model was later found to be inadequate. 
Rotta (1951) derived a partial differential transport equation 
for the length scale itself but this did not prove to be completely 
satisfactory mainly because I does not diffuse at a rate proportional 
to a1/3y. Along with other workers, Rotta (1968). later suggested that 
the second equation be based on the product of the turbulent energy and 
length scale (kL). 
The most popular proposal for the dependent variable of the 
second equation is that based on the turbulence energy dissipation 
rate, e, where, 
32 
Ea- 
k2 and, therefore, ut Cop - 
e 
.. (3.18)' 
.. (3.20) 
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This particular model has the advantages that, 
(a) the exact equation for c can be easily derived, and 
(b) c appears directly as an unknown in, the k-equation. 
Two-equation models of turbulence offer considerable advantages 
over one-equation models and have, therefore, been used by a number of 
workers. Applications of such models include wall boundary layers 
(Ng, 1971; Jones and Launder, 1973), free shear flows (Launder et al, 
1972a), two-dimensional recirculating flows over backward facing steps 
(Mathews and Whitelaw, 1973; Castro, 1977b) and over two-dimensional 
blocks (Durst and Rastogi, 1977), and flow over a three-dimensional 
block (Vasilic-Melling, 1977). 
Predictions, however, have not been entirely successful in all 
these cases and this has, recently, produced an interest in more 
elaborate turbulence models. The advantage of such models is that 
they do not involve the turbulent viscosity concept together with 
its associated assumptions, this being avoided by utilising transport 
equations for each of the Reynolds stresses. Unfortunately, these new 
equations contain further higher order terms which themselves require 
modelling. Consequently, it is still necessary, at some stage, to 
make assumptions regarding these higher order terms in order to 
obtain a closed set of equations. Examples of the use of more 
complex turbulence models are few but include studies of two- 
dimensional channel flow by Hanjalic and Launder (1972) and of 
jet and wake flows by Launder et al (1975). 
Pope and Whitelaw (1976) have made a study of near wake flows 
both with and without recirculation using three turbulence models; 
the first comprised transport equations for turbulence kinetic 
energy and the rate of turbulence dissipation, the second and third 
comprised equations for the rate of turbulence dissipation and two 
forms of Reynolds-stress equations. They demonstrated that, for 
wakes with recirculation, all three models underestimated the 
length of the recirculation region and the rate of spread of the 
downstream wake. It was suggested that these serious discrepancies 
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stemmed from the incorrect calculation'of dissipation in the 
recirculating region. Pope and Whitelaw pointed out that the 
dissipätion equation is based on unproven assumptions as it was 
developed and tested in two-dimensional boundary layer and shear 
flows where only one velocity gradient is significant. 
At the present time, then, it would seem that multi-equation 
models of turbulence offer little significant advantage over two- 
equation models. The criteria for the choice of a turbulence model 
include economy of computation, degree of universality and accuracy 
of solution and it is not yet apparent whether the use of multi-equation 
models are justified on these grounds, particularly when one considers 
the increased complexity and considerable computing time required to 
effect a solution. In addition, it has already been pointed out that 
the dissipation equation is probably a greater source of error than 
the turbulent viscosity hypothesis and this equation is, at present, 
common to both two and multi-equation turbulence models. 
Consequently, it has been decided here to utilise a current 
computer program which solves the governing flow equations in 
conjunction with a two-equation (k-c) model of turbulence. It 
would appear that such a model is the simplest'which is available 
for the prediction of recirculating flows while, at the same time, 
fulfilling the various criteria (see above) demanded of a turbulence 
model. 
3.4 THE 'CHAMPION' PROGRAM 
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One of the aims of this thesis concerns the modification and 
subsequent use of an existing computer program, incorporating a mathe- 
matical model of turbulence, to predict the turbulent recirculating 
flow around some basic bluff shapes. The successful performance of 
such a model could alleviate a considerable amount of experimental 
work in the future and may, eventually, be of use in predicting flows 
around complex engineering bodies. (The relevance to civil engineering 
is, of course, the flow of wind around buildings. ) ' 
It was decided to make use of the most recently developed, ' 
commercially available computer program utilising a suitable model 
for the present purposes. This was found to be the 'Champion' program 
developed by W. M. Pun and B. Spalding at Imperial College, London, and 
based on the two-equation (k-e) model of Harlow and Nakayama (1968). 
(The actual equations and assumptions for this model are given in 
Launder and Spalding, 1973. ) Details of the program, including a 
listing, are covered by Pun and Spalding (1976). 
The above publication claims that the program is capable of 
handling two-dimensional elliptic flows, which include those recircul- 
ating flows associated with bluff bodies, provided that the program is 
suitably modified for the particular problem in question, In fact, 
considerable modifications to'the program were required before it 
was possible to obtain solutions for the cases of interest. These 
modifications are dealt with in the last section of this chapter. 
This section now outlines the basic equations of the program, 
the calculation grid, the finite difference equations, the order of 
solution of the equations and the boundary conditions. 
3.4.1 The Basic Equations 
The equations to be solved in this computer program include 
the time-averaged momentum equations (two) (equation 3.9), the 
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continuity equation (equation 3.10), the turbulent energy equation 
(equation 3.14) and the equation for turbulent dissipation (this is 
similar to the k-equation and has not been derived here). 
As mentioned previously, in order to solve these equations it 
is necessary to model the-unknown velocity and pressure correlations 
in terms which are known or can be found. In the 'Champion' program 
the following assumptions, based on a Boussinesq type of variation 
(3.3), have been made: 
-p UV e Pt 
aU 
+ 
LV_ 
.. 
(3.21), 
By ax 
-p u2 2ut au .. (3.22) 
ax 
-pV- 2u, aV .. (3.23) 
By 
uk +_-1 ]it ak .. (3.24) 
p 6k ax 
and v+ vP --1 Pt ak .. (3.25) 
PP 6k aY 
It is now possible to rewrite the flow equations in their 
modelled forms: 
Momentum equations 
uj au. 
_1 
aP 
+av 
au; 
+ ur 
aui 
+ 
aUý 
.. (3.26) ax; p ax; ax; ax; p aa; ax; 
Continuity equation 
ate- 0 .. (3.27) axj 
77ý 
Turbulent energy equation 
Uj Lk lit au; +! l _ aVi.. +18 ut . 
ak 
_£.. (3.28) 
axe p ax; ax; axe p axe 6k axe 
I II III IV, 
Turbulent energy dissipation equation 
aE c, vi E v. +u au. + a£ c E2 .. 
(3.29) 
axe pk axe axe ax; p axe 6E axe k 
I II III IV 
where I is convection by mean motion 
II is generation by turbulence stresses acting on the mean flow 
III is diffusive transport 
IV is viscous dissipation 
and 6t, 6k, CI, C2, CD are constants. 
The values of these constants, established following extensive 
examination of free turbulent flows by Launder et at (1972a), are 
given in Table 3.1. 
TABLE 3.1 
C1 C2 CD 6k 6E 
1.43 1.92 0.09 1.0 1.3 
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The above constants have been found to be appropriate in the 
cases of plane jets and mixing layers (Launder and Spalding, 1973) 
and are, according to Pun and Spalding (1976), also adequate for 
many other applications. 
Vasilic-Melling (1977) found that changes in the turbulence 
constants C, and CD had a noticeable effect on mean velocity, pressure 
and kinetic energy predictions. However, she found that changing 
these values did not lead to any improvement in predictions. 
Consequently, it was decided not to adjust the values of the 
constants in any applications of the computer program in the present 
research work. 
The equations (3.26,3.27 3.28 and 3.29) above have all been 
reduced into a form whereby all the unknown correlations have been 
expressed in terms of known quantities. With reference to equation 
(3.20): 
_ 
pt CDP k2 - 
e 
it may be seen that the solution of the k and e equations permits the 
calculation of the turbulent viscosity (Pt), thereby 'closing' the 
complete set of equations. 
3.4.2 The Calculation Grid 
Although they form a closed set of equations, it is not possible 
to solve, directly, the elliptic partial differential equations (section 
3.4.1), which describe the flow. Consequently, numerical techniques of 
analysis are adopted which require the development of the finite 
difference forms of the above partial differential equations, by 
integrating over finite areas. This in turn requires the construction 
of a rectangular grid over the domain of interest. 
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The calculation domain is a two-dimensional plane which is 
divided into cells by a linear grid system. This can be distributed 
in such a way that areas in which property gradients are steeper 
are covered by a finer mesh than areas where smaller changes take 
place. 
Fig. 3.1 illustrates the grid geometry surrounding a typical 
grid node. The field values for k, e and P are stored at the grid 
intersection points (e. g. point P on Fig. 3.1) while the velocity 
components, U and V, are stored on the grid lines (e. g. U at w, e 
and V at n, s on Fig. 3.1). 
Adjacent to the boundaries, the calculation cells are arranged 
to have one side coincident with the boundary, the last grid step being 
approximately half the next one. The near boundary grid is shown in 
Fig. 3.2. 
3.4.3 The Finite-Difference Equations 
Numerical techniques of analysis require the development of 
finite difference equations in order to permit computation. A summary 
of these equations, for the 'Champion' program, is given here. 
In addition to the continuity equation, 
au 
+ 
av 0 
ax ay 
there are four partial differential equations which can all be written 
in the form: 
(pU4) +a (pv4) aaT aý + ax ay ax ax ay By 
.. (3.30) 
Convection Terms M Diffusion Terms + Source Terns 
where, ¢ is the particular variable of interest (U, V, k or e), 
TX, y are the exchange coefficients of 
interest (involving 
Prandtl numbers in the k and e cases) 
and So is a 'source' containing all the remaining terms. 
The joint problems of determining the pressure field and satisfying 
continuity are dealt with by deriving and solving a pressure perturba- 
tion equation, as described by Patanker and Spalding (1972). 
The finite difference equations may now be derived. Taking 
the U-momentum equation, for example, and writing it in the general 
form as above (equation (3.30), we have: 
a (puu) +a (P VU) 
ax ay . 
Convection Terms 
where, Ile = ut +u 
a au +a ue. 
layu + -aP +a ur au 
ax aX ay ax ax ax 
+a av 
.. (3.31 ay aX 
Diffusion Terms + Source Terms 
Integrating equation 3.31 over the control cell in Fig. 3.1 
gives: 
"en 
au ey + aU ex soaxey (PU UAy)w + (pWAx)s - Pe ue+.. (3.32) 
ax ay 
w 
This may now be rewritten as: 
AeUe AwUw + AnUn - ASUS To (Ue - Up) - Tw (Up - TJ) + Tn (UN - UP) 
- T, (Up - U5) + So Axay .. (3.33) 
0 
where, for example, 
a convection coefficient 
and a diffusion coefficient 
AW -p UW Ay 
TW a Pew ... Ay 
k 
k 
and S is the 'source' term, dominated by the pressure gradient in 
this particular equation. 
Equation (3.33) may be rearranged into the final form: 
61 I 
Ap Up 
EWNS 
E AU + Su .. (3.34) 
and solved for Up over the entire grid using standard matrix 
techniques. 
However, certain differencing problems arise during the solution 
procedure and these are briefly mentioned here. 
In evaluating the convective terms, the U values on the cell 
boundaries are related to the values at adjacent nodes, so that when 
central differencing is used, 
Ue UF + Up (Fig. 3.1) 
2 
However, it is well known (Castro, 1977b) that if the mesh 
Reynolds number, defined as, 
R=m -p Up Ax 
ue 
exceeds a value of 2 at any one of the grid nodes, the finite difference 
matrix obtained by central differencing ceases to be diagonally dominant 
so that the usual techniques used to solve it are unstable and will not 
converge. The common way of avoiding this problem is to use upwind 
differencing for the convective terms or a hybrid scheme in which 
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central differences are used wherever possible (Rem < 2) and upwind 
differences used elsewhere. (The 'Champion' program used here utilises 
upwind differencing only. ) 
Although upwind differencing overcomes the convergence problem 
it introduces, according to Mathews (1976), the possibility that 
spurious numerical diffusion will lead to an erroneous solution. 
This can only be eliminated by refining the grid until a grid- 
independent solution is obtained. 
The merits of the various differencing methods have been 
investigated by a number of workers, notably Castro (1977b), and the 
reader is referred to their work for a more extensive discussion of 
the subject. 
To conclude this section, it should be pointed out that the 
detailed derivation of all the finite-difference equations and their 
subsequent solution (involving the tri-diagonal matrix algorithm) 
has not been reported here. Such details would require many pages 
of explanation which, as the involvement of this thesis with numerical 
analysis primarily concerns the use rather than the development of a 
computer program, are not felt to be justified here. The reader is 
therefore referred to the work of Gosman et al (1969), Pun and 
Spalding (1976) and Vasilic-Melling (1977), for full details of 
the numerical analysis. 
3.4.4 'The Order of Solution of the Equations 
The previous section (3.4.3)-has outlined the form of the 
finite difference equations which are employed in the 'Champion' 
program. While omitting any detailed description of the numerical 
techniques of solving these equations, it remains to state the order 
in which they are solved. This order is crucial if convergence is 
to occur as rapidly as possible. For the 'Champion' program the 
solution sequence proceeds row by row and is as follows; 
---- 
For a typical IX row, 
1. Using the momentum equation for U, calculate anew value of U. 
2. Check for overall continuity for the complete row. Adjust 
U uniformly by AU and change P everwhere downstream to 
conform with the new value of U. 
3. Using the momentum equation for V, calculate a new value of V. 
4. Check for continuity for each grid cell along the row. Adjust 
U, V and P on that line. 
5. Using the latest values of U and V, solve the k equation. I 
6. Using the latest values of U and'V, solve the c equation. 
7. Calculate a new value of turbulent viscosity (ut) 
8. Iterate as necessary. 
9. Proceed to next row downstream. 
3.4.5 The Boundary Conditions 
The basic equations of momentum, continuity, kinetic energy 
and turbulence energy dissipation are insufficient, by themselves, for 
the solution of a problem involving the numerical analysis of finite 
difference equations. It is, of course, necessary to specify conditions 
at the boundaries of the flow domain and to provide starting values 
of the variables at all grid nodes thereby permitting an iterative 
procedure to commence. In this section, the treatment of flew 
parameters at the wall, axis or plane of syrmetry, inlet to and 
exit from the flow domain will be discussed. 
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(a) Wall Treatment 
In the region close to the wall the mean velocity components 
reduce to zero, due to the no-slip condition. The turbulence 
consequently falls to zero along with the turbulent viscosity and 
the result is that there is a large variation of velocity, turbulent 
energy and energy dissipation over a short distance adjacent to the 
wall. Methods of describing the variation of these parameters are 
usually empirical and vary from the familiar logarithmic "law of 
the wall", describing the velocity profile in the absence of pressure 
gradients, to the complex turbulence model of Jones and Launder (1973) 
who extended the k-c model of Harlow and Nakayama (1968) to low 
Reynolds number flows. Alternatively, it is possible, when using 
numerical techniques, to place a sufficient number of grid lines 
into the region closest to the wall for numerical accuracy to be 
maintained. This is however impractical due to the very large 
grid required which would extend the program and subsequent 
computing time beyond the limits of most computers. 
According to Pun and Spalding (1976), the additional benefits 
of modelling the turbulence in the near wall region by means of 
extending the k-c, or other, model are insufficient to warrant 
the extra computing time necessary for iteration. Consequently, 
in their 'Champion' program the 'wall-problem' is treated in the 
simplest manner possible, by using a set of empirical wall functions, 
similar, although more sophisticated, to the logarithmic 'law of the 
wall'. The treatment of the parameters near to the wall (Fig. 3.2) 
is as follows: 
1. Immediately adjacent to the wall, 
ÜsV k- e -o 
Tw, the wall shear stress is assumed constant over the region 
between the wall and the nearest grid line. 
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2. A function, y+, is calculated, based on the position of 
the nearest node, P, to the wall given by: 
'/ 
y+_- pkp2ö 
where kp is the value of turbulent energy at the point P 
and 6 is the distance from point P to the wall. 
3. The wall shear stress, T,, is now calculated according to 
a modified log-law. 
If P is very close to the wall, the viscosity is assumed to 
be solely dependent on p, the laminar viscosity. Thus, if 
y+ < 11.5 
Tw it Up 
where Up is the longitudinal velocity component at point F. 
If P is further from the wall, such that 
y+ > 11.5 
TW K CD p Up kpp 
In (Ep ö kp /u) 
where K, von Karmans constant, = 0.4 
E, a constant in the universal log-law = 9.0 
C0, a constant = 0.09 (in'Champion') 
and Up, k, are the current values of mean velocity and 
turbulent kinetic energy for the grid cell, P, found 
using the'finite difference equations (3.34), solved 
over the remainder of the grid. 
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.. (3.35) 
.. (3.36) 
to (3.37) 
4. Using the relationship, 
Tw ue au ue 
ay 6 
it is possible to, calculate a value of effective viscosity 
(1e) which may be used in the momentum and energy equations 
to find a new value of UP and kp close to the wall. (Note: 
if y+ < 11.5 the value of ue inserted into the finite- 
difference equations is simply the laminar viscosity, u. ) 
5. In contrast to U and k, the treatment of turbulent energy 
dissipation, c, near to the wall, is independent of any 
previous value of this quantity. It is found using the 
simple empirical relationship, 
33 
EP -C od kn2 
K6 
(b) Treatment at the Axis or Plane of Symmetry 
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.. (3.36) 
.. (3.38) 
The program is able to deal with either an axi-symmetric 
problem or a two-dimensional problem by specifying a value of a 
certain variable (KRAD). It is necessary to specify another set of 
boundary conditions at the axis of symmetry, if the problem is axi- 
symmetric, or at the plane of symmetry in plane two-dimensional 
problems with the plane of symmetry parallel to the main direction 
of flow. For the latter case, the axis of Fig. 3.3 represents a 
streamline remote from the wall. To satisfy the conditions of zero 
flow across a streamline, and symmetry about an axis, the 'Champion' 
program makes use of the following boundary conditions: 
V-0 
I 
and au ak DE 
a0 
ay ay ay 
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(c) Inlet Treatment 
In addition to the physical geometry, the inlet conditions 
are required in order to specify a particular problem. The program 
is easily modified to permit either empirical relationships or 
specific numerical values to define the variation of the main 
parameters, U, V, k and e at the upstream, inlet plane of the 
flow. To commence iteration of the finite difference equations, 
the upstream values of the above parameters are placed throughout 
the grid. It should be pointed out that the inlet values are not 
updated during the numerical analysis. 
(d) Exit Treatment 
To complete the boundary conditions it is necessary to specify, 
values for all the variables (except pressure) at the exit plane. The 
basic program imposes the conditions that, 
v"- 0 
and au s ak -aE. o 
ax ax ax 
which means, in the case of U, k and e, that the exit values are set 
to the calculated values from the traverse before. 
I 
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3.5 MODIFICATIONS TO THE 'CHAMPION' PROGRAM 
This chapter has discussed, in some detail, the governing flow 
equations and turbulence modelling assumptions incorporated into a 
current computer program ('Champion'), developed to handle recirculat- 
ing flows. 'Champion' was purchased, in the form of cards which were 
then transferred onto magnetic tape and stored in the Manchester 7600 
computer. f 
The basic program treats the problem of laminar developing pipe 
flow and the manual, supplied with it, contains modifications which 
update the program through laminar flow through a sudden enlargement, 
turbulent developing pipe flow and finally, turbulent flow through a 
sudden enlargement in either an axi-symmetric or two dimensional 
conduit. Although this final modification to the basic program 
appears to provide a good analogy with a backward facing step, 
considerable problems were experienced; in particular, convergence 
problems were found to be inherent in the basic program. For example, 
using the basic 15 x 15 grid, with a sudden pipe expansion at the inlet, 
successful (converged) solutions were only rarely obtained, these being 
for cases where the inlet flow was highly turbulent. Invariably the calcula- 
tion diverged with the development of negative longitudinal velocities 
at the exit which produced reverse jets moving upstream. This is a 
serious defect in the specification of the outlet boundary conditions 
which do not prevent the supply of energy from regions downstream of 
the outlet. 
Two changes were made to the data input of the program. Firstly, 
the co-ordinate system was changed from polar to cartesian to yield a 
two-dimensional backward facing step and, secondly, the boundary 
conditions at the inlet (U, k and c) were modified to produce a 
fully developed turbulent boundary layer profile (thickness 0.7h), 
with smooth flow outside. The overall width of the flow (corres- 
ponding to the wind tunnel height) was fixed at 10h above the step, 
this. being in accordance with the experimental investigation. 
Using the 15 x 15 grid of the original program, the problem 
converged to a solution which appeared reasonable with a recirculating 
t `, e 
zone behind the step but with a predicted reattachment distance of 
only-3-4h. Although other workers have recorded that numerical 
methods, (or the turbulence model used), tend to underestimate the 
distance to reattachment (Pope and Whitelaw, 1976; Vasilic-Melling, 
1977), the distance noted here appeared to be far too short in 
relation to the experimental measurements even after allowing for 
some underestimation. It appeared that the limitations imposed by 
a 15 x 15 grid, resulting in very coarse mesh spacing, may-have been 
the cause of the present, large errors. Inspection of the literature 
revealed that Blowers (1973) found the grid detail in the region of 
sharp corners to be a critical factor in flow predictions and Castro 
(1977b) pointed out, furthermore, that any numerical errors arising 
at the separation corner would be convected downstream with an almost 
overwhelming effect on the rest of the flow field. Castro, in his 
investigation of the numerical difficulties in the calculation of 
complex turbulent flows, found that, for the backward facing step, 
the mesh spacing affected the position of reattachment, the finer 
the mesh the further downstream was the reattachment point. He 
emphasised that a careful choice of mesh spacing can significantly 
reduce the numerical errors, pointing out that the most critical 
region is around the separation corner. It appears, from his paper, 
that a mesh spacing of around 2% of the step height, for both x and y 
lines, near the corner produces reasonable predictions. 
Consequently, the basic 'Champion' program was modified to 
incorporate a finer, 40 x 35, grid. Most surprisingly the convergence 
difficulties, first recognised with the small grid, reappeared and at 
one stage it seemed impossible to obtain solutions at all using a 
boundary layer thickness of 0.7h with smooth flow outside. It was 
postulated that divergence resulted from the coupling (through the 
turbulent viscosity - pt) of the U and V momentum equations with the 
k and c equations at the early stages of the solution. Dr. Pun (1977) 
was consulted and he suggested that pt should be maintained constant 
everywhere at a value of 10-3 until a reasonable flow pattern emerged, 
before subsequently relaxing pt to the appropriate values for the less 
turbulent inlet conditions. (This was confirmed by Dr. Castro (1977a) 
who commented that these programs seemed to work best if all the flow 
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is reasonably turbulent. ) 
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Such an approach was found to be successful. Having set an 
initially high value for ut throughout the field, the relaxation 
factor for pt was set to zero for the first 40 iterations (effectively 
decoupling the equations mentioned above), by which time the recircula- 
ting pattern had quite clearly emerged. Subsequently, the relaxation 
factor was gradually increased, over a further 120 iterations, to the 
value of 0.5 normally used for this problem. (It was found that an 
abrupt change of relaxation factor from zero to 0.5 after 40 iterations 
produced divergence. ) In addition to reducing the turbulence viscosity 
at the inlet to the required value (10-5), it was also possible to 
reduce gradually the inlet values of k and c from the values corres- 
ponding to ut = 10-3 to values corresponding to a turbulence intensity 
of the order of 0.25%, in accordance with the turbulence intensity 
measured in the smooth flow above the model in the wind tunnel. 
A further modification was later added to the program to 
limit the maximum value of pt to 0.03. This will again decouple 
the momentum equations from the turbulence model equations at any 
time when there is a tendency towards divergence. 
The 'Champion' program was designed in such a way that the 
first X grid line coincided with the face of the step. This may 
appear unimportant, the program requiring only a slight modification 
to extend the flow domain upstream of the step. However, such modifi- 
cations are extremely difficult and often lead to inaccurate flow 
predictions. Castro (1977b) has pointed out that errors arising 
near sharp corners cannot be easily reduced to insignificance and 
may be simply convected downstream leading to unsatisfactory 
predictions over the rest of the flow field. He adds that it 
is significant that recent authors using elliptic calculation 
techniques often resort to the 'trick' of only starting the 
calculation just downstream of the 'difficult part'. For example, 
Pope and ti'hitelaw (1976) in their predictions of near wake flows, 
did not attempt to include the flow upstream of the body but 
located the start of the X grid downstream of the trailing edge. 
Castro noted that this is an indication of the problems which 
exist with 'blanket'type grids which cover the entire flow domain. 
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Considering the above problems met by other workers, it is 
not surprising that a considerable amount of time and effort was 
required to modify the program to handle the flow upstream of the 
backward facing step. It was necessary to define a new top wall 
and (left-hand) step wall and to make the relevant modifications 
to the equations. Appendix 8 provides the listing of the alterations 
required to produce the backward facing step with upstream approach 
(IDENT BPS), which may be incorporated directly into the final version 
of the basic program. Solutions were obtained after a considerable 
effort was expended dealing with unforeseen problems and minor 
(troublesome) inconsistencies arising from the original program. 
Furthermore, a trial and error method was required in order to 
find the optimum grid spacing to provide an accurate, fully-converged 
solution. The mesh layout of this grid is shown in Fig. 6.2. 
The actual predictions from the updated program treating the 
backward facing step are discussed in Chapter 5. 
Subsequent to the satisfactory development and use of the 
program for the flow predictions in the backward facing step case, 
an attempt was made to modify the program further to handle the 
forward facing step, a more complex situation. Successful application 
of the program to this model would then permit handling of the two- 
dimensional block as this is simply a combination of the other two 
models. 
In common with the initial modification work reported here, 
considerable efforts were made to incorporate an additional (right- 
hand) step face into the program. Unfortunately, successful predictions 
have not yet been obtained here (for reasons given later in Chapter 6) 
and the limitations of time prevented further investigation. It should 
be pointed out that Vasilic-Melling (1977) has produced some results, 
using the same turbulence model incorporated in a slightly different 
computer program, for a two-dimensional block. However, good agree- 
ment between prediction and experiment was only established in the 
region upstream of the block, considerable discrepancies occurring 
I 
in the other regions. 
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The work described in this chapter is being continued and 
attempts are still in progress to'obtain successful predictions for 
the forward-facing step. Such work forms part of a continuing 
programme of research concerned with basic bluff body flows in 
the Department of Civil Engineering, University of Surrey. 
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3.6 SUMMARY 
This chapter has outlined the relatively recent approach in 
the handling of turbulent, recirculating flows, namely, the use of 
numerical techniques of analysis. Such techniques involve the solution 
of the governing flow equations (the Navier-Stokes equations) in con- 
junction with some mathematical model of turbulence, required to close 
the set of equations. The time-averaged equations of motion have been 
derived and presented in the finite-difference form necessary for 
numerical analysis. In addition, a brief review of mathematical 
models of turbulence has been reported and a particular model 
selected and justified for use here. This model is the two- 
equation (k-e) model based on transport equations for the turbulent 
kinetic energy and rate of dissipation. The boundary conditions 
defining the problem and permitting the numerical analysis to be 
carried out have also been mentioned. 
The final section of this chapter has dealt with the extensive 
modifications which have been made to the basic program to permit 
solution of the backward-facing step configuration. In addition 
to improving the basic program to prevent divergence in certain 
circumstances, the modifications include a significantly larger 
grid and newly defined geometric boundaries. Considerable efforts 
were required in making these modifications, this being partly due 
to unforeseen problems and minor inconsistencies in the basic program. 
A further discussion of the program in the light of the predictions 
for the backward-facing step will be given in Chapter 6. 
CHAPTER 4: EXPERIMENTAL INSTRUMENTATION 
4.1 INTRODUCTION 
During the initial phase of the research programme, both 
facilities and instrumentation were developed to permit the study of 
bluff body flows within the Department of. Civil Engineering, University 
of Surrey. 
This chapter outlines these facilities, including the wind 
tunnel and ancillary equipment, and then proceeds to deal, in detail, 
with each of the three main measuring instruments; the hot-wire 
anemometer, the disc-static probe and the pulsed-wire anemometer. 
Both calibration of, and measurements with, these instruments are 
described here and this is then followed, in the case of the recently 
developed pulsed-wire, by a discussion of some of the problems 
associated with this particular instrument. 
The low-speed wind tunnel (Plate 4.1) in the hydraulics 
laboratory has a working section 4.6m in length and 1.4m x l. Gm in 
cross-section. It is of 'open-return' design and fitted with a 
100 H. P. motor connected to a belt-driven centrifugal fan. Variations 
in gearing permit three fixed speeds ranging from 9 to 20 m/s, velocity 
variations within the speed ranges being obtained by manually adjusting 
the vane angles at the fan intake. The tunnel calibration demonstrated 
a uniform velocity distribution to within 50mm of the walls and a 
turbulent intensity (V / Ua) of around 0.15% at 9 m/s, measurements 
being taken at three cross-sections along the working section of the 
tunnel. 
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In the initial stage of the research work, an internally 
mounted, three-way traversing gear (Plate 4.2) was designed and 
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constructed. This is driven by directly mounted electric motors 
controlled from outside the tunnel. Precise positioning of any 
instrument attached to the traversing gear is possible by means of 
electronic counters fed by pulses from light emitting diodes on the 
equipment. The diagram of the complete experimental arrangement 
(Fig. 4.1) indicates a proposed link between the traversing gear 
controls and the calculator with which it is hoped to provide 
completely automatic, program-controlled, traversing operations 
at some later date. 
The basic instrumentation includes two DISA constant-temperature 
hot-wire anemometers for general velocity, low turbulence and shear stress 
measurements, various manometers for mean and fluctuating pressure 
measurements, and a MALVERN INSTRUMENTS pulsed wire anemometer. The 
last instrument, developed by Bradbury (1969) is particularly suitable 
for measurements in the highly turbulent, reversed flow regions 
associated with the models studied in this thesis. This instrument 
has only recently become commercially available and will probably 
lead to important advances in the understanding of separated flows. 
Consequently, considerable emphasis is placed on the use of the 
pulsed wire . in the research described here, the testing and satis-, 
factory performance of the instrument forming an important part of 
the experimental work. 
" The above instruments and the equations governing their use 
are all discussed in detail in sections 4.2,4.3 and 4.4. 
A Tektronix 31 programmable calculator with interface unit 
forms the nucleus of the complete system (Fig. 4.1, Plate 4.3) 
controlling and receiving data from the various peripherals, 
computing quantities of interest and finally printing them out. 
Considerable effort was directed towards interfacing the equipment 
and programming the calculator to permit high speed on-line measure- 
ments from both hot-wires and pulsed-wire. It was found to be possible 
to directly link the pulsed wire output into the calculator system. 
For'the hot-wire signals, however, it was necessary first to process 
them using a digital voltmeter and R. M. S. meter in order to obtain 
-- -- -z--. -- - 
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B. C. D. (binary coded decimal) outputs. On-line pressure measurements 
were obtained using a FURNESS electrical manometer and the digital 
voltmeter. 
Flow visualisation-plays an important role in bluff body, 
investigations for an overall description of the flow and, possibly, 
for velocity measurements. Oil-flow visualisation, involving the 
use of low viscosity oil painted on an aluminium sheet, was used 
during the experimental studies for checking the two-dimensionality 
of the flows and the positions of reattachment and separation of the 
shear layers. In addition to this method, the relatively recent 
technique of helium bubble flow visualisation was used extensively 
for observing the general behaviour of the recirculating regions of 
flow. This technique involves the productions of neutrally buoyant, 
helium-filled soap bubbles which are introduced into the flow, 
upstream of the object of interest, and photographed in the presence 
of very strong light. 
Further information concerning these flow visualisation 
techniques together with some illustrations is given in Chapter 5. 
A photograph, showing the general layout of the instruments 
is. given on Plate 4.3. 
0 
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4.2 HOT-WIRE APIEMOMETRY 
Although unsuitable for making measurements in the highly 
turbulent reversed flow regions of particular interest in this thesis, 
the use of hot-wire anemometry was required for two important reasons. 
Firstly, it offered a means of testing the validity of pulsed wire 
measurements in regions where both instruments are capable of 
operation (where the turbulence intensity. is less than about 20%) 
and secondly, the hot-wire anemometer permitted the measurement of 
shear stress (0v), at present not possible with the pulsed wire, 
in the mixing region above the' recirculating zone. 
In contrast to the pulsed wire, the hot-wire anemometer has 
been highly developed over many years and is widely used by workers 
in the field of experimental fluid mechanics. Consequently, it is 
considered unnecessary here to deal, in great depth, with the theory 
and operation of this instrument, the reader being. referred to 
Bradshaw'(1975) for further information. This section, then, 
outlines the present experimental arrangement for the collection 
of hot-wire data followed by descriptions of the calibration and 
measurement procedures used in the present work. 
4.2.1 The Experimental Arrangement 
The arrangement of instruments used for the collection and 
analysis of hot-wire data is shown in Fig. 4.1. The system' includes 
two DISA type 55 M01 units incorporating 55 M 10 CTA standard bridges 
which form constant temperature hot-wire anemometers. These may either 
be used individually with single hot-wires or combined, for use with 
cross-wires, to permit shear stress measurements. One set of outputs 
from the anemometers are connected to a storage oscilloscope suitable 
for adjusting the characteristics of the equipment for a new probe 
and for providing a visual display of the turbulence in the airstream. 
The*other set of outputs lead to adigital voltmeter (HEWLETT PACI'. ARD 
3470A) and a 
, 
root-mean-square meter (ADVANCE DRM6), a switch permitting 
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connection to either of the hot-wire units. The digital voltmeter 
is required for calibration purposes and also for mean velocity 
measurements, while the R. M. S. meter is necessary for measuring 
turbulence. Both voltmeters are provided with BCD-output signals 
which may be fed through the interface into the Tektronix 31 calculator 
for on-line data processing. To ensure that readings of turbulence 
intensity and velocity are obtained simultaneously the connections 
between the D. V. M., R. M. S. meter and interface were designed to place 
all the digits from the measuring instruments directly into the 
calculator storage in one operation. (The connections between 
the instruments and the interface have been reported, elsewhere, 
by Baker, 1976). 
The Tektronix 31 controls the sampling from the Digital Voltmeter 
and the R. M. S. meter but has no direct effect on the hot-wires. (In the 
case of the pulsed wire, the calculator causes the anemometer to fire 
the heat tracer in addition to controlling the sampling of data. ) 
Programs were written for both calibration of, and measurements 
with, ordinary hot-wires and cross-wires and these will now be 
described. 
4.2.2 Equations for Calibration and Measurement 
0 
(a) Single hot-wire 
The basic equation for the calibration of a hot-wire used in 
the program is: 
E2 aA+ BUn .. (4.1) 
where E is the wire voltage 
U is the mean velocity 
and* A, B, n are constants 
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(When actually calibrating the wire the-velocity is measured using 
a pitot-static tube situated near the probe. ) 
A and B are found using a least squares-fitting technique 
such that: 
N 
i_ög.. Eý.. -.. BöE U. A 
N 
NE E! UP- EE? EUn 
and Ba 
N E(U1n)2 - (z Uin )2 
.. (4.2) 
to (4.3) 
. The value of n 
is initially specified (say 0.45-0.5), and 
the program then optimises A, B and n to produce the best correlation 
coefficient, given by: 
rz B2 
NE, (U, " )2 - (E Uin )2 
NE (Ej2)2 - (E ERZ )2 
where N is the number of pairs of values (E 
?, Uin 
To calculate the turbulence (1), equation 4.1 is differentiated: 
2E dE = nBUn-t dU 
(E2 - A) dU 
U 
Lüa 
dU 
- 
2E 2 dE 
"" 
(4 
. S) , 
uU n(E2 - A) E 
where, for a particular voltage E, measured by the digital voltmeter, 
and fluctuating. voltage dE, measured by the R. M. S. meter, it is 
possible to calculate dU/U, the turbulence intensity. 
Thus, equations 4.1 and 4.5 govern both calibration of a 
single hot-wire and subsequent velocity and turbulence measurements 
with it. 
The flow charts describing the calibration and measurement 
programs for use with a basic hot-wire are shown in Appendices 1 and 2. 
Measurements of mean velocity and turbulence are first taken 
at some reference point with which all future results are normalised. 
The final print out supplies mean velocity, turbulence velocity, 
normalised mean velocity and normalised turbulence velocity at 
each position. 
Hot-wires respond not only to velocity variations but also 
to temperature changes. To minimise the temperature effects the 
tunnel was run for about half an hour before commencing any experiment 
thereby allowing equilibrium conditions to be reached. In addition, 
the wires were always operated at the highest possible temperature 
(x300°C). 
(b) Cross-wire 
In order to make comparisons with the mathematical model and 
also to gain a better understanding of the flows investigated here, 
it was necessary to make measurements of the Reynolds stresses as 
well as mean velocities and pressures. The pulsed wire is well 
suited to all velocity and turbulence measurements except for 
the Reynolds shear stress (- puv), and, as this correlation is of 
particular interest, some other method was required for its computa- 
tion. The cross-wire consisting of two hot-wires mounted on a probe 
at angles of ±450 to the flow is suitable for this purpose, the 
product TV being obtained from the difference of the two wire 
readings. The use of a cross-wire avoids the difficulty of 
rotating a single slant wire and also means that it is possible 
to estimate the shear stress from two readings taken at the same 
time. Unfortunately, simultaneous measurements were not possible 
with the present experimental arrangement (Fig. 4.1) and it was 
therefore necessary to introduce a switching device resulting in 
an interval between the hot-wire readings from each wire. However, 
- loo. 
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calibration drift due to temperature changes and dirt deposition will 
tend to affect both wires at the same rate so it was felt that the 
errors -due to individual sampling were not*as significant as might 
first appear. 
The basic equations governing the cross-wire are the same 
as those for the single wire; the actual calculation of TV requires 
just a little further manipulation. With reference to the diagram 
below showing the velocity components approaching one wire of a cross 
wire, , 
eire1 
x 
Velocity components on one wire of a X-wire 
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we may write: 
nS 
(From eq. 4.1) Eý = A, +B UN 
(From eq. 4.5) dUN = ... '2E 
2 
j dEj' 
UN nI(E1 - A, ) El 
Let uN = dUN , eI = dEI 
2 
then, uý -= 
2ET .... 
UN ni (Eý - A, ) " E, 
where El is the mean voltage 
eI is the r. m. s. voltage 
UN is the r. m. s. velocity, normal to the wire 
UN is the mean velocity, normal to the wire 
and A1, B, , n, are constants for wire (1) 
The cross-wire should be set at ±450 to the flow but in 
actually carrying out measurements the probe is aligned at ±450 to 
the co-ordinate X-axis. 
Y 
r 
,. ý"ý 
WIRE J 
,' WIRE 2 
X 
.. (4.6) 
.. (4.7) 
.. (4.8) 
Alignment of X-wire to the flow 
10 
In practice, when making measurements in the mixing layers 
of the flows considered-here, the angle between the flow direction 
and the co-ordinate axis, a, is small enough for the slight 
misalignment of the probe to be neglected. 
Now, for wire (1), 
uN = (u + v) cos45 = (u + v) 
2 '' 
and 
substituting in 4.8, 
(týý, -1) 
(u + v) 2E1 (E 
2-A) 
e1 
2 
nB i 1 
Squaring and averaging w. r. t. time, 
'2 (t- 1) 
2E (E2 -A (u2'+ v2 + 29V-) 21tie 
-Ifn n1B1 ý 
Let 2E, (E2 - At) 
(týn, - 1) 
e t kt 
Yn Bt nt 
.. (4.6) 
.. (4.9) 
4 
i 
.. (4.10) 
_z2{ Thus, ü+ vZ + luv 2 k, e .. (4.11) 
Similarly, for the wire at -450 to the axis, wire (2), 
u2 + v2 - 2üv =2 k2 eZ .. (4.12) 
and subtracting 4.11 - 4.12, 
49-v -2 (k2 eZ - k2 e2 ) 1122 
üv =2 (k2 e2 - ký 
2) 
.. (4.13) 
1t 
U (E1 - A, ) N 
Bß"1' 
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The two wires are calibrated individually to estimate the 
values of A, B and n, using the least squares technique (Eq. 4.2,4.3). 
(When calibrating in the free stream flow, the transverse velocity 
component, V, is zero; thus, ' the actual mean cooling velocity 
experienced by each of the wires is simply equal to Ucos45. ) 
The measurement routine requires readings of the mean voltage 
(E) and the r. m. s. voltage (e2) for each wire in turn. These results 
are stored, and from them the fluctuating velocity correlation, üv, 
may be calculated. ' 
Appendix 3 contains the flow chart for the measurement program 
using the cross wire. The calibration program is not shown as this 
is virtually identical to that used for the single hot-wire. 
The program prints out the longitudinal and lateral components 
of mean velocity, and the shear stress (uv). These quantities are 
also displayed in normalised form (using the longitudinal free 
stream velocity as a reference. ) 
To compute the value of UV, the program takes the difference 
of two large quantities, and it is apparent that small errors in 
either wires may contribute significantly to an error in the 
shear stress measurement. It is therefore essential to check 
the performance of the X-wire by means of comparison with a well- 
known shear stress distribution, such as that across a smooth pipe. 
With reference to the diagram below, showing a typical, small 
cylindrical filament in a pipe, 
Pipe wa 
R 
Pp <ý 
It 
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T 2nr L- Ap irr2 .0 
where, for the cylindrical filament, 
T is the shear stress along the cylinder 
r is the radius 
I is the length 
and Ap is the pressure difference between the ends 
When r-R, the radius of the pipe 
and T- T the wall'shear stress, 
Ap R and T=T. r 
2R R 
But, T- tit au - püv 
By 
where p 2U is the contribution to the total shear stress due 
8y to molecular viscosity 
and PIN is the contribution from the turbulent shear stress. 
At the wall, 
tsT, u au and üv ®0 
ay 
At the centre line T0 (4.15) 
.. (4.14) 
.. (4.15) 
.. (4.16) 
Thus, the shear stress distribution across a pipe follows 
a linear variation with radius and this linearity is independent of 
the type of flow. 
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Pipe wall , 
Distribution of shear stress across a pipe 
A smooth pipe, 10m long, 52mm in diameter and pressure tapped 
at 200mm intervals was used for the testing of the'cross--wire. 
Traversing 
Gear 
Flow -wire 
200mm 
Test tube 
The probe was mounted some 200mm into the pipe and traversed 
across at 5mm steps. It was then rotated through 1800 and the traverse 
repeated. The shear stress distribution is shown in Fig. 4.2. Using 
equation (4.15) the wall shear stress was calculated to be 0.0878 N/m2, 
very close to the measured result of 0.085 N/m2, thereby confirming 
the adequate performance of the cross-wire. 
To minimise the effect of drift on the results, the probe 
was operated at as high a temperature as possible and the tunnel run 
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for a period, prior to beginning an experiment, to produce equilibrium 
temperature conditions. 
In common with the single hot-wire, the cross-wire is unsuitable 
for measurements within the regions of recirculating flow. Valid 
results are therefore restricted to the mixing layer and above. 
I 
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4.3 DISC-STATIC PROBE 
Although it is extremely difficult to measure either mean or 
fluctuating static pressures to within any assured value of accuracy 
in turbulent flows, it was felt necessary to make some attempt at 
estimating the mean static pressure variation across the recirculation 
regions and to compare the results with those provided by the mathe- 
matical model. To do this, use was made of a disc-static probe, as 
shown below, consisting of a disc of 6.4mm diameter (D) with a hole 
drilled right through the centre of diameter 0.04D, this being 
mounted on the tip of a cranked ended tube. 
Side View Front View 
014 
D! a =0.04 D 
0.14D 
A small spherical indentation was made around each of the surface holes 
as this has been claimed (Bryer and. Pankhurst, 1971) to decrease the 
effect of-turbulence on the probe reading. Considerable care was 
taken during the manufacture of the brass disc and the probe was 
regularly cleaned in a solvent to remove any dust particles which 
were found to have a significant effect on the readings taker.. 
The disc-static probe underestimates the true static pressure 
by an amount 
K1 
P. 
UR 
2 
2 
\ý 
--+ý 
where K is a constant 
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pa is the density of air 
and UR is the resultant. velocity at the point. of measurement 
Thus, the true static pressure is given by: 
=pDK1 PC' U2 .. 
(4.17) Po 
p_aR 
2H 
where po is the true static pressure 
and pp is the pressure read by the disc-static probe 
To calculate the value of K, it is necessary to carry out 
a probe calibration by varying the mean velocity in the tunnel free 
stream. 
In the free stream, 
UR 
and, 1 pa U2 
2 
where pt is 
(ni 
and ps is 
U, the longitudinal mean velocity 
pt - ps 
the total pressure at the reference point 
Bar to the probe) 
the static pressure at the reference point 
Thus, in equation (4.17): 
prs 83 pp +K (pt - ps ) 
therefore K= PS PD 
Pt PS 
(The values of pt and ps may be found using a pitot-static tube) 
Investigations carried out using the probe revealed that 
the value of K remained constant over the velocity range 4-12 m/s 
and for pitch angles of ±200. The region of insensitivity to yaw 
exists for angles of ±30. 
To calculate the true static pressure at some point, relative 
to the reference static pressure, the resultant velocity must be 
known at the point. 
Thus, UR 
._ 
k-T -+V 2 
where U and V are the mean velocity components found using the 
pulsed wire anemometer. 
From equation (4.17): 
PO pD+K1 pa (U2 + V2) .. 
(4.19) 
2 
and, referring all pressures to the reference static pressure, 
(Po - PS) m (pp - ps) +K1 pa (U2 + V2) .. (4.20) 
2 
Finally, the coefficient of pressure is given by: 
(Po - ps) 
(pt - PS) 
All pressures are read using an electrical manometer 
calibrated against an accurate manometer, with an output through 
a digital voltmeter to the Tektronix 31. 
A 
. 
program was written to carry out both calibration'of the 
probe and measurements with it. The flow chart is shown in Appendix 4. 
------ -- 
4.4 PULSED WIRE ANEMONETRY 
_ 
The fundamental aim of this research programme. centred 
around the investigation of the highly turbulent regions of 
recirculating flow associated with bluff bodies. Conventional 
hot wires of the type used by most workers are unsuitable for 
measuring the reversing velocities which. occur within separation 
bubbles. To overcome this problem Bradbury (1969,1971) recently 
developed the pulsed wire anemometer. As the instrument is relatively 
new and has only been commercially available since 1976, a considerable 
amount of time was spent here on testing the probe and comparing its 
performance relative to measurements made with hot wires. 
PL 
Sketch of pulsed wire probe 
UR 
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The principle of the pulsed wire is basically very simple. 
The actual probe itself consists of three fine wires, the central 
'Pulsed' wire and two outer 'Sensor' wires. The central wire is 
heated by a voltage pulse of a few microseconds duration which then 
causes a pulse of heated air to be. released into the flow. This is 
convected away at the velocity of the airstream passing the probe at 
that instant. The two sensor wires are mounted one on either side 
of the pulsed wire and at right angles to it. They act as simple 
resistance thermometers and are used to measure the time for the 
trace of heat to travel from the pulsed wire to one or other of the 
sensor wires, depending on the direction of flow at that instant. 
In this way the pulsed wire anemometer is capable of measuring the 
direction of the flow as well as its speed. 
In theory, the time of flight, t, for a heat trace to move 
from the pulsed wire to one of the sensor wires is given by: 
S t=A 
UR cos 8 
where s is the distance between the pulsed wire and the sensor 
A 
wire in question 
UR is the magnitude of the instantaneous velocity vector 
and 8 'is the angle between the line of the velocity vector 
and the direction normal to the plane of the probe 
Thus, if the probe is aligned to measure the longitudinal (U) 
component of velocity, 
AA 
U. UR cos 6 
.. (4.21) 
A 
(Note, when calibrating the wires in free stream conditions, Um UR 
where U is the mean longitudinal velocity). 
Due to thermal diffusion, wire deflection and other factors, 
the relationship between the time of flight and. velocity is not 
represented correctly by equation (4.21) and, in actually using the 
pulsed wire anemometer, two empirical relations were investigated. 
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These were: 
' i) 
Üa Al 
.. (4.22) 
T- Bi 
and ii) Ü=A+. B .. (4.23) 
T T2 
A 
where U is the velocity corresponding to a time of flight T 
and A, B, A,, B1, are constants. The second equation was found 
to give the best description of the variation of time of flight 
with velocity. 
4.4.1 Setting-uD the Pulsed Wire 
The basic pulsed wire anemometer contains all the electronics 
for pulsing the central wire, receiving and processing the signal from 
the sensor wires and displaying a four digit number equal to the time 
of flight in microseconds. The anemometer also gives an indication as 
to which sensor wire picked up the signal thereby showing the direction 
of flow at a particular instant. When using and setting up the equip- 
ment an oscilloscope is necessary for checking the quality of the 
sensor wire signals and monitoring the trigger levels. Velocity 
measurements are possible in the single shot mode where the pulsed 
wire is 'fired' once only, _but, 
when making measurements in turbulent 
flows a large number of samples of time of flight are required before 
statistically correct deductions of mean and fluctuating velocities 
may be made. For this to be practical the pulsed wire anemometer 
was interfaced to the Tektronix 31 calculator (Baker, 1976), which 
controlled the sampling rate of the pulsed wire and automatically 
recorded the individual times of flight. From this information it 
was possible to calculate mean and fluctuating velocity. 
The setting up of the pulsed wire to produce satisfactory . 
sensor wire signals which are triggered by'the heat pulse and not by 
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noise entails a complex procedure which is'covered in detail in the 
instrument manual, (Malvern Instruments, 1976). 
This 'setting-up' procedure must be repeated for each new wire 
and it has been found that, in general, the voltage pulse to the central 
wire and the current applied to the sensor wires do not need to be 
adjusted during the life of a probe. Experience has shown, however, 
that some adjustment is often needed to the triggering levels to 
ensure that the probe operates over the entire velocity range for 
which it was initially set. 
4.4.2 Calibration of the Pulsed Wire 
Calibration is a process which must be carried out before 
each experiment and experience has shown that, after allowing for 
drift (section 4.4.4), it is unnecessary to recalibrate for at least 
six hours if the probe is in continuous use. (This compares well 
with the hot-wire which requires frequent recalibration. ) 
Pulsed wire probes may be conveniently-calibrated against 
ordinary pitot-static tubes in a low turbulence level air-stream. 
Using a highly accurate manometer it is possible (and in fact 
necessary) to calibrate the wire over the range 2 to 15 m/s. By 
mounting the probe on a traversing gear and traversing at a known 
speed in still air it would be practicable to check the readings 
of the probe at even lower velocities. 
As previously mentioned, the relation between time of flight 
and velocity is not linear and it was necessary to carry out a number, 
of calibrations using different probes to test the two equations (4.22, 
4.23). The best fit was found to be given by the equation: 
UA+B.. (4.23) 
T T2 
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It is, of course, necessary to determine the values of A and 
B to satisfy a number of pairs of values of (U, T) and a least squares 
fitting technique was used such that: 
Ex4E U1 xi -EX; E Ui x? 
A=.. 
(4.24) 
E x? Ex4- (E x3)2 
and B U, x, -AEX? .. (4.25) 
E x3 
where xi =1 
Ti 
The procedure for calibration of the probe and calculation of 
the calibration constants, A and B, was carried out by the automatic 
on-line system using the Tektronix 31. Values for A and B were updated 
after each new pair of U and T (excluding the first), this process being 
continued until the values of the constants remained steady. To ensure 
that no mistakes were made either in the recording of the times of 
flight (T) or 'keying-in' of the velocity head (U), the root mean 
square of the error function E c? was also computed and printed out 
after each pair of U and T readings. The value of E ei is given by: 
E C? ° EU? - 2AEUixi - 2BEUix2+ A x12+ 2ABEx3+ 
BExi 
.. (4.26) 
where xi = 1, as before. 
Ti 
Any error occurring during calibration manifests itself by 
a sharp change in the value of E e? 
For each pair of U and T the velocity (U) is calculated from 
the dynamic head, 
U2P, gh.. (4.27) 
Pa 
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where. pw is the density of water (kg/m3) 
1 
pa is the density of air (kg/m3) 
.g is the gravitational accn 
(m/s3 
h is the head of water (m) 
and the time of flight (T) calculated from-the mean of one hundred samples. 
It has been found that, in general, some fifteen pairs of U and 
T are required to define the calibration curve satisfactorily for one 
sensor wire. The complete calibration procedure must be repeated to 
find two different constants (A2B2) for the second sensor wire. 
The flow chart of the program to calibrate the pulsed wire 
is shown in Appendix 5. 
4.4.3 Measurements Using the Pulsed Wire 
There are two important restrictions on the use of pulsed wires; 
firstly, the instrument is only capable of making measurements up to 
15 m/s and secondly, the scale of turbulence must be sufficiently 
large to ensure well defined sensor wire signals. Neither of these 
restrictions directly affected the work in this thesis as the 
maximum flow speed was less than 15 m/s and the models large 
enough to avoid the circumstances giving rise'to small scale 
turbulence. These are, however, important limiting features 
of the pulsed wire anemometer. 
The measurement program for use with the pulsed wire anemometer 
follows on directly from the calibration program. It must be noted 
that the time of flight is transferred to the calculator with an 
accompanying sign to indicate which of the sensor wires has been 
triggered. In order to print out negative values of velocity, it 
is necessary to change the sign of the 'B' constant for the negative 
wire. (This is apparent. if one refers to equation 4.23. ) 
For a given number of samples, N, the measurement program 
calculates the mean velocity component UN, and the root mean square 
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turbulent velocity component 
/UN 
for the direction in which the 
probe is aligned. Thus, 
UN 1 NE 
On 
.. (4.28) n_t 
N 
ý2 2' 
and  uN 1N (Ün UN) .. (4.29) n= i 
N 
A 
where Un is the nth instantaneous velocity sample. 
The above formulae are suitable if all the data have been 
collected before computation. In the case of the Tektronix 31, used 
in the present work, however, insufficient storage space existed for 
the number of samples required to achieve statistically accurate 
results. Consequently it was necessary to rewrite the above equations 
in a form whereby a continuous updating process could be used to 
calculate the values of mean and fluctuating velocity. (This does 
not require very much storage. ) 
Thus, after only n samples (n < N), 
A 
Un sn-1 Un_1 Un 
nn 
where Un is the mean velocity taken over n samples 
Un_l is the mean velocity taken over (n - 1) samples 
A 
and Un is the instantaneous velocity taken at the nth sample. 
and un aI( 
ä) 
- (Un)2] 
where un is the r. m. s. turbulence velocity after n samples. 
U. is given in equation (4.30) 
A 
and Un - n'- 1 Un_I + Ii Un nn 
NOTE: - UNaIE 
Ün 
and is not equal to (UN)2 
N n'1 
.. (4.30) 
I 
.. (4.31) 
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A 
When the Nth sample of instantaneous velocity U has been added 
to equation (4.30), 
then, un ---ý Ylum 
and Un UN 
In this way, the program calculates the mean and turbulence 
velocities for the required number of samples. 
The measurement program must take into account the number of 
pulses which do not register a time of flight. This may be due to a 
velocity at, or very close to, zero at the particular instant in 
question or because the velocity vector is directed outside the yaw 
angle of the probe, (Bradbury and Castro, 1971). In this situation 
the interval timer displays 9999iS. This number"is transferred to 
the calculator, but not used directly in the calculation of mean 
velocity or r. m. s. velocity. Instead, the total number of '9999's 
are summed and printed out by the program under the heading of ZEROS. 
These results may be assumed to have the effect of zero velocity 
and as such must be used in the final calculation of U and v`uT 
If N is the number of samples used in the calculation of 
U. and u. 
and x, is the number of zeros. (Therefore, the total number of pulses 
isN+x). 
Then, Uc N, UN .. (4.32) 
N+x 
and =N (UN + u2 ). U2 .. (4.33) CNNc 
N+x 
where Uc is the corrected value of mean velocity 
and uc is the corrected value of r. m. s. velocity. 
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It has been found that, even when the instrument has been 
correctly set up, occasional erroneous readings of time of flight 
are recorded. This could be due to a mains interference 'spike' 
for example, which would give rise to a very short time of flight 
and, consequently, a very high value of velocity. To eliminate these 
unwanted readings, which would seriously affect the values of mean 
velocity (Uc) and r. m. s. velocity (T), limits are set on the 
velocity by defining two variables Umax and Umirr . These values are 
set such that it would be unlikely for genuine results to fall outside 
them. The measurement program prints out the number of readings occurring 
outside Umax and Umin so that these variables may be adjusted if they 
are set too close to feasible results. 
When using the pulsed wire anemometer it is necessary to 
estimate the number of individual records (samples) of time of flight 
that are required to give a sufficiently accurate prediction of the 
mean velocity and turbulence intensity at a particular point in the 
flow., For normally-distributed velocity fluctuations the following 
expressions may be used to determine the required sample size 
(Mandel, 1964): 
For mean velocity N- t2 u-j .. (4.34) 
(AU)2 
ý 
For turbulence intensity Na tz u .. (4.35) 
2(ru )2 
where t is students t-distribution function 
±, &U is the permitted variation from true mean velocity 
± 
Auf is the permitted variation from true turbulence intensity 
and N is the required number of samples. 
For example, a 957 probability (t - 1.96) of being within 
±5% of the true velocity, for a turbulent intensity (1u2/U) of around 
50%, would require about 400 samples. While using the pulsed wire for 
experimental measurements the sample size was varied to suit the 
situation, ranging from 1000 samples in highly turbulent, reversed- 
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flow regions to 250 samples in the free stream. This permitted a 
high degree of accuracy while avoiding the long time intervals 
required for the collection of large sample sizes. 
After setting limits (Umar, Umin )-for the velocity range and 
allowing for a sufficient number of samples (N), the calculator may 
then be used to trigger the pulsed wire and accumulate the data. The 
mean velocity and turbulence intensity are then calculated and subse- 
quently corrected for the number of zero readings. Finally, the program 
prints out these results but, at the conclusion of the experiment, a 
further adjustment to the results is required to account for calibra- 
tion drift. This adjustment is usually quite small and, as a result 
of studies reported here (section 4.4.4), it is adequate to assume a 
linear drift in calibration from the start to the finish of an 
experiment. 
To conclude this section, it is pointed out that the flow 
chart of the measurement program for the pulsed. wire, written for 
the Tektronix 31 is shown in Appendix 6. 
4.4.4 Discussion of the Pulsed Wire Anemometer 
The pulsed wire anemometer is undoubtedly a tool well suited 
to carrying out some of the more difficult measurements in fluid 
mechanics not readily achieved by other means. With the exception 
of the laser doppler anemometer (still largely in its development 
stage) it is the only instrument capable of investigating the highly 
turbulent regions of recirculating flow associated with those flows 
of significant engineering importance, namely bluff body flows. 
When used with care, and after accumulating some experience 
of operation, the pulsed wire certainly gives satisfactory results, 
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(when compared with well understood flows). There are, however, certain 
problems associated with the pulsed wire which were recognised during 
the experimental stages of the work reported in this thesis, and which 
may be of interest to prospective users of the instrument. 
(a) The fragile nature of the probe 
From a purely physical aspect, the extremely fragile nature 
of the probe cannot be ignored. The basic pulsed wire is fitted with 
a9p (micron) central wire and 21 p sensor wires, the-latter of which 
are often broken when placing the probe in its holder or even just 
returning it to its protective bcx. When a probe breaks, (and this { 
is inevitable sooner or later), the user is faced with the daunting 
task of repairing it; this, it is felt, is the most significant 
problem of pulsed wire anemometry. Even if someone is skilled 
enough to weld 21 micron wires onto the probe skeleton, without 
damaging the other wires already on the probe, there is no guarantee, 
as to the adequacy of the probe performance. If a sensor wire is 
fitted too tightly then it will resonate when placed in the flow, 
resulting in excessive noise and, consequently, erroneous triggering. 
Alternatively, if it is too loose it has been found that the probe's 
response does not fit the calibration curve particularly well. 
To overccme these problems it was decided to use 5u sensor 
wires, (the size used or. hot-wire anemometers), which are relatively 
easy to fit and do not suffer as badly from the sensitivity of smaller 
wires, described above. The response of 5p wires to the heat pulse 
is not quite as good as for the smaller wires but, for the measurements 
taken in this thesis, they were found to be quite satisfactory. 
(b) Time for calibration 
Calibration of the wire is a subject upon which a great amount 
of time was spent in the early stages of experimental work. In contrast 
to hot-wire anemometry, the calibration is not linear and two equations'. 
were investigated while attempting to establish the best fit. It was 
found necessary to use at least 15 pairs of values (of U, T) to define, 
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the curve (using a least squares fitting technique) and thereby produce 
adequate results. For the lowest velocities (< 1 m/s) the probe was 
calibrated by movement in still air when mounted on the traversing 
gear. The calibration procedure was repeated before each experiment 
and the probe used for not more than six hours before being recalibra- 
ted. To obtain the best possible equation for each of the sensor wires 
it was found that the calibration takes approximately 11 hours, signifi- 
cantly longer than the time suggested in the manual. 
(c) Effect of probe size 
Another aspect of the pulsed wire, requiring further investigation, 
is the effect of the probe size on readings. In common with most 
techniques of flow measurement (with the exception of laser-doppler 
anemometry), the probe and its support will interfere with the flow 
to some extent. The pulsed wire itself is considerably larger than 
the hot-wire and, according to Bradbury and Castro (1971), it has 
proved difficult to make any analytical estimates of the effects of 
finite probe size. For a large probe (the size determining the 
velocity range), the time of flight would correspond to the most 
rapidly arriving part of the pulse front; this would give rise to 
a large value of mean velocity and too small a value of turbulence 
intensity. To minimise these effects (and those of the probe support) 
it is desirable to make the scale of the experiment as large as possible. 
(d) Drift during experimental measurements 
In carrying out a careful investigation of the pulsed wire 
it became evident that, over a period of a few hours,, significant 
mean velocity drift was occurring. In order to correct for this 
drift the pulsed wire was placed in a constant velocity stream and 
the actual velocity and turbulence intensity, measured by the probe, 
plotted against time. This was repeated a number of times and a 
typical graph of the variation shown in Fig. 4.3. 
It is considered, here, that this'drift may be explained as 
a result of 'differential creep' between the pulsed wire and the, 
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much smaller, sensor wires. The. details of a simple analysis describing 
the effects of such long-term loading on the pulsed wire measurements 
is given in Appendix 7. 
The analysis shows that, 
if Es is the extra extension in the sensor wire after calibration 
and Ep is the extra extension in the pulsed wire after calibration 
then, Es>1 
EP ^ 
This indicates that the sensor wire extends more than the 
pulsed wire for a given period of time and under the same loading 
conditions. Therefore, the gap between the wires increases, the 
measured time of flight increases and the velocity (equation 4.23) 
decreases. Such a variation is confirmed by Fig. 4.3 which shows a 
steady drop in velocity reading with time for a constant tunnel speed. 
The turbulence intensity, however, effectively a measure of 
variation about the mean, will not be greatly affected by this drift. 
It is suggested, then, that a straight line, drawn between 
the initial and final velocity readings at the reference point in 
the wind tunnel, may be used to estimate the true mean velocity at 
any particular time during an experiment. Using this 'corrected' 
reference velocity, an adjustment may be made to all the results 
recorded by the pulsed wire anemometer during the course of an 
experiment. 
In conclusion, it should be pointed out that, while this 
method of correcting the results for drift has been shown to be 
valid, the explanation (Appendix 7) for the drift is a personal 
suggestion and still open to further discussion. 
I 
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CHAPTER 5: EXPERIMENTAL STUDY 
5.1 B"IRODUCTION 
The' experimental study reported here probably represents the 
most significant contribution of this thesis towards an improved 
understanding of fundamental bluff body flows. Important data are 
presented which, due to a lack of suitable instrumentation, has 
been unobtainable until very recently. It is hoped that this will 
now permit some significant comments to be made concerning the 
-mechanism of recirculating flows.. In addition, this research. 
programme has provided much needed data with which to test and 
modify current mathematical models of turbulence. 
To gain a coherent understanding of the recirculating flows 
associated with the near wake regions of bluff bodies, three geometrical 
configurations have been used in the research. The limited extent and- 
unreliability of previous studies on bluff bodies suggested that very 
simple two-dimensional models should be selected for the present 
purposes. These are, in order of increasing complexity: 
(a) Backward Facing Step 
(b) Forward Facing Step 
(c) Two-Dimensional Block (w - 2h, where w= width, h= height) 
All of the experimental work was conducted in a low turbulence 
level wind tunnel, 107 x 137cros cross-section (described in sccticn 4.1), 
providing uniform flow conditions along the working section (Plate 4.1). 
Each model was surface mounted on a grourdhoard spanning the wind 
tunnel and being of sufficient length to generate a fully developed 
turbulent boundary layer (d 99 = 
O{h}) it ediately, upstream of the 
particular step under investigation. Considerable efforts were 
made in the design and construction of the leading edges of the 
groundboard to ensure two-dimensionality of flow upstream and 
the minimui of flow disturbance. With the exception of pressure 
measurements, all of the experiments wore carried out at a Reynolds 
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number (Re), based on step height,. of 5.10 
Perspex sheets (10mm thickness) were used for all the models 
and the groundboard as this, material provides for accurate machining, 
a very smooth surface finish and considerable rigidity. All joints 
were tapped and screwed for precise alignment and then glued along 
their entire lengths. In all cases the models were sandpapered 
and then polished (using "Perspex No. 1" polish) and the bluff 
body edges carefully handled to ensure very sharp corners. To 
avoid any interference from the tunnel wall boundary layers, the 
groundboard was mounted on 9" perspex legs. 
The models were drilled and stainless steel tubes (lmm inside 
diameter) inserted, along the centre lines, to permit the measurement 
of surface pressure. Additional pressure tappings were made on either 
side of the centre line to check the two-dimensionality of the flow. 
Flow visualisation studies using both the helium bubble 
technique (Plates 5.4,5.6,5.8) and a smoke generator were made 
for each model in order to investigate the general behaviour and 
extent of each recirculating flow. In addition, for the backward 
and forward facing steps only, surface oil visualisation was used 
to check upon the two dimensionality of the flow (Plate 5.3) and 
the position of reattachment for the separated shear layers. 
In all three cases, measurements were made of longitudinal 
and vertical components of mean velocity, three components of turbulence 
intensity, turbulent shear stress, surface pressures and static pressures. 
With the exception of the pressure measurements, the pulsed wire 
anemometer-provided most of the data, supplemented by the use of 
the hot-wire anemometer for shear stresses. A disc-static probe 
(section 4.3) was used for static pressure measurements within the 
near wake regions, primarily to provide a comparison with the predic- 
tions of the mathematical model. (The problems associated with 
pressure measurements in highly turbulent flows would suggest that 
these results should be treated very cautiously. ) All details 
concerning the calibration of, and measurements with, the above 
instruments are covered in the previous chapter. 
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A substantial quantity of data has been obtained during the 
research programme and this has been. reduced to a graphical form, 
since this appears to be the presentation which will make the informa- 
tion most readily accessible to the reader. 
The scales in the drawings have been maintained constant for 
all the experiments to enable an immediate comparison to be drawn 
between various results. This has necessarily meant that, in some 
cases, the scales appear rather small. there this has occurred 
more detailed drawings have been made of particular quantities. 
For clarity, each of the three geometrical configurations 
will be described, and their associated experimental results 
discussed, separately. 
i 
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5.2 BACKWARD FACING STEP 
5.2.1 General 
The backward facing step, possessing only one region of 
recirculating flow, was the first model selected for study in this 
research programme. In contrast to most bluff body flow studies, 
this particular model has been investigated by a number of workers 
in the past and therefore, in addition to providing new data, offered 
a means of testing the performance of the pulsed wire anemometer and 
establishing the validity of previous work. 
The actual model used in this research is shown photographed 
on Plates 5.1 and 5.2. (Photographs of the other two models are not 
shown as they are only modifications. of the backward facing step. ) 
Plate 5.1 provides two views of the model, from the side and above, 
and clearly shows the position of the step, the lateral stiffeners, 
support legs, pressure tubes and pressure tapping layout. : late 5.2 
provides a detail of the step, from the inside, with a view of the 
close positioning of the tappings at the top and bottom corners, the 
brass pins and the pressure tubing. In addition, this plate shows a 
detail of the leading edge of the backward facing step model, the 
smooth semi-circular nose shape having been selected following 
extensive flow visualisation studies to investigate leading edge 
flow disturbance effects. 
The pressure tappings were positioned at 2mm intervals close 
to the corners, the spacing increasing to lOmm over the region near 
to the step. Apart from this zone, a 50mm spacing was used for all 
pressure tappings from the leading to the trailing edge. In addition, 
pressure tappings were placed at a few positions on either side of the 
centre-line. A diagram (Fig. 5.1), of the tapping positions around the 
two-dimensional block (view one half to imagine the backward facing 
step) shows the actual layout and hole angles required to achieve 
the close spacing in the corners. (Plates 5.1 and 5.2 also show 
the pressure tapping distribution. ) 
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The model was mounted on the rear wall of the wind tunnel for 
experimental purposes as this permitted easy access into the working 
section and simplified the problem of positioning the traversing gear 
since it could be designed simply to stand on the floor (Plate 4.2). 
The arrangement of'the model in the wind tunnel and the 
relevant dimensions are shown in Fig. 5.2. The cross marks the 
position of the tunnel reference pitot-static tube (45cms above 
the model and 55cms upstream of the step), used to monitor the 
free stream velocity; it is this velocity (Uo) which is used as 
the reference for all the data plotted. 
The cartesian co-ordinate system was used and the origin taken 
at the lower corner of the step (Fig. 5.2), the +ve X-direction taken 
as downstream. 
5.2.2 Two-dimensionality of the Flow 
An important preliminary investigation undertaken, using the 
backward facing step, concerned a check on the two-dimensionality of 
the flow. Although the model itself is geometrically two-dimensional, 
imperfections in its construction or that of the tunnel may lead to 
three-dimensionality in the mean flow pattern. However, to obtain 
useful data along any one longitudinal plane of the model, it is 
necessary to ensure that the mean flow is two-dimensional. The 
oil-film technique of flow visualisation is able to give a valuable 
indication of this feature. 
Brederode and Bradshaw (1972) made a detailed study cf the 
use of this technique and pointed out the 'trial and error' method 
of arriving at the most suitable mixture of paint and oil for flow 
visualisation. In the present investigations, it was necessary to 
produce a mixture reasonably suitable for the reattaching region 
which involves high surface shear stresses. This obviously requires 
a fairly viscous mixture and a number of trials were conducted using 
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various quantities of red 'Dayglo' paint and kerosene oil to achieve 
the optimum conditions. The correct mixture was applied, by brush, 
onto a large sheet of aluminium (610 x 915mm) placed downstream of 
the step, one of the shorter edges adjacent to the lower corner of 
the step. The tunnel was then run at a speed of 15 m/s and left 
for twenty minutes to permit the flow pattern to develop and the 
oil to evaporate. Plate 5.3 is a photograph of a typical flow 
pattern. The step coincides with the lower edge of the plate (0" 
on the ruler) and just above this can be seen the across-flow brush 
marks indicating the method of application of the oil film. No flow 
pattern emerged near to the step as the oil mixture was too viscous 
to be moved by the weak shear forces at reseparation. At around 
430-460mm downstream of the step, a thick straight line, resulting. 
from the oil swept away, can be seen - this indicates the position 
of reattachment of the flow at 5.7-6h. Close inspection of the oil 
pattern downstream of this line reveals that the flow direction is 
away from the step while, upstream of reattachment, the flow is 
directed towards the step. 
The surface oil-film pattern (Plate 5,3) clearly demonstrates 
the two-dimensionality of the flow, typically a straight reattachxert 
line and even distribution of oil. However, on the right hand side of 
the photograph there are indications of significant three-dimensionality 
of the flow, in particular, close to the step. This side only of the 
photograph coincides with the tunnel wall and it is reasonable to 
assume that these effects are due to the interaction of the flow 
with the tunnel wall boundary layer. The region of interference 
appears to extend about 1A step heights from the wall, this figure 
being slightly less than that of Brederode et al (1972). (However, 
they were able to investigate the region close to the step with low 
viscosity oil and this may well have indicated a slightly larger 
region of interference. ) For acceptably two-dimensional flow around 
- mid-span, Erederode and Bradshaw suggested that the aspect ratio, 
defined as step span divided by step height, should be greater 
than 10. In addition, they concluded that strong three-dimensional 
effects were confined to models possessing non-straight separation 
lines, a situation not present in any of the experiments reported 
in this thesis. 
I 
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Chandrsuda (1975) also used the oil film technique to check 
the flow behind a backward facing step and demonstrated that, with 
an aspect ratio of 15, the flow pattern. was nominally two-dimensional. 
His reattachment distance of 5.85 agrees well with the value found 
here (Plate 5.3). 
An aspect ratio of 18 was used for the models studies in this 
research, a value considerably greater than the minimum suggested by 
Brederode et al. In addition, the flow pattern indicates that the 
flow is adequately two-dimensional for much of the span and certainly 
over the central region where measurements were taken during the 
experiments. 
5.2.3 General Flow Behaviour 
A qualitative investigation of the general flow behaviour was 
made in this research prograzmme using the helium bubble technique of 
flow visualisation. (This involves the production of neutrally 
buoyant soap bubbles filled with helium. ) The bubbles were intro- 
duced into the'flow upstream of the model with-th"_ tunnel running 
at its lowest speed (= 1.5 m/s) and photographed, at different 
exposures, using Kodak Tri-X Film. The non-steady emission of 
bubbles from the generator and the fine adjustments which had to 
be continually made to control the bubble size meant that a large 
number of photographs had to be taken in order to achieve a few 
good examples of the flow pattern. Three photographs of the flow 
over a backward facing step (Plate 5.4) are shown here; the 
direction of flow is from right to left. 
Plate 5.4(a) is a very short, 1/60th sec., exposure photograph 
- which indicates the relative magnitudes of the velocity in different 
regions of the flow. (The bubble track lengths are proportional to 
the velocity at an instant. It should be noted that the direction 
of flow is not indicated by the photographs. ) Above the step and 
recirculation region, the bubble tracks are of fairly constant 
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length and most are aligned in the free stream flow direction. As 
the flow travels over the step the tracks begin to shorten and turn 
slightly towards the model, these features increasing as the flow 
progresses downstream. Close-behind the step, the extremely low 
velocities are indicated by 'dots' on the photographs, generally 
too short to suggest the flow magnitude or direction. Finally, it 
should be pointed out that this photograph gives no information as 
to the position of reattachment. 
Plate 5.4(b) is a photograph of 1/30th sec. exposure, the 
bubble tracks upstream of the step (and above it) being approximately 
twice as long as those in the previous photograph. The relative 
difference in velocity within and outside the recirculation region 
is apparent at this exposure and it may, in fact, be possible to 
measure the actual velocity at points in the flow given a sufficient 
number of these photographs. In addition, an estimation of the 
position of reattachment may be made from this photograph but it 
should be noted that the camera is aligned with the step face and 
consequently a correction must be applied to any measurement taken 
from the photograph. 
Plate 5.4(c) is a long, 5 second, exposure photograph and it 
is suitable for observing the extent of the highly turbulent separated 
zone. Although no flow measurement can be made from such a photograph, 
it gives a good indication of the position of reattachment. 
These photographs, together with the photograph of surface 
oil-film visualisation (Plate 5.3) confirm the kind of general flow 
behaviour, associated with a backward facing step, which has been 
recognised by previous workers. A diagram of the main features of 
this flow (after Bradshaw and Wong, 1972) is shown in Fig. 5.3. The 
original shear layer of the diagram corresponds to a fully developed 
turbulent boundary layer, thickness 0.7h, in the present experiments. 
The sharp change in gecmetry at the step edge causes separation of 
flow and the formation of a new shear layer which grows, dividing 
the outer 'inviscid' flow from, the inner 'cavity' flow. This new 
shear layer, or mixing layer, curves towards the wall and reattaches 
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to it, some six step heights downstream, enclosing a. region of slow- 
-moving recirculating fluid ("bubble"). The mixing layer, recirculation 
region and reattachment. region are. referred to as the near wake in this 
thesis. 
The main mechanisms of the flow in the recirculation region 
are the entrainment of fluid into the shear layer and the return-of 
fluid, to balance this loss, at, the reattachment point. Although 
very few quantitative measurements have ever been taken within the 
recirculation region, Brederode and Bradshaw (1972) have predicted 
the mechanism by which the bubble remains steady. They state that 
an increase in entrainment will cause an increase in velocity in 
the separation bubble with an associated decrease in base pressure. 
This in turn leads to a greater curvature of the shear layer, a 
reduction in the reattachment distance and an increase in the 
reattachment angle (i. e. between the dividing streamline and the 
reattachment point). The larger angle will cause a greater return 
flow to balance the initial increase in entrainment into the shear 
layer. This process of events seems to be a reasonable suggestion 
and possibly explains the fairly wide reattachment line in Plate 5.3. 
Close to the step corner, 'reseparation' occurs and a small 
corner eddy (Fig. 5.3) will be enclosed. Chandrsuda (1975) recognised 
the position of reseparation from his oil-visualisation studies but, 
in-common with other workers, was unable to verify, quantitatively, 
the existence of a corner eddy. 
Downstream of reattachment a new sub-boundary layer forms 
which grows into the shear layer originating from the step. The 
region of flow downstream of reattachment, the far wake, has been 
studied previously by a number of workers as conventional hot-wires 
are suitable for investigations here. The most, recent suggestion for 
this part of the flow, by Chandrsuda (1975), is that the shear layer 
downstream of reattachment appears to be a hybrid between a mixing 
layer and an ordinary boundary layer. This hybrid form exists for 
a considerable distance, indicating that the flew relaxes only very 
slowly toward an equilibrium boundary layer state. 
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Investigations of the far wake have been fairly extensive and 
for this reason, the present research has been confined to the less- 
studied near wake region. 
5.2.4 Blockage 
A serious problem associated with wind tunnel tests on the flow 
around bluff bodies is that of blockage. This is almost certainly the 
main cause of discrepancies between the results of various workers, 
the discrepancies having been studied by Narayanan et al (1974) and 
Davies et al (1977). 
An inspection of the previous literature showed that the 
problem has generally been treated in two ways by workers involved 
with 'a backward facing step; either it was ignored, with no correc- 
tion being made, (e. g. Tani et al, 1961), or use was made of adjustable 
wind tunnel roofs incorporating area-compensating wedges. The latter 
method, attempting to simulate the flow conditions in the absence of 
a wind tunnel, appears to be fairly. successful and was used by 
Bradshaw and Wong (1972), Chandrsuda (1975) and Narayanan et al 
(1974). Unfortunately, the wind tunnel used in the present research 
was not equipped with such a refinement. 
According to Hillier (1976), the blockage may be assumed to 
have two effects. Firstly, it distorts the'separation bubble, thereby 
modifying the flow over the model, (possibly more significant in a 
forward facing step and two-dimensional block), and secondly, it 
will cause -a change in dynamic head throughout' the flow field. 
Maskell (1963) proposed a simple empirical correction for the 
first effect but, as it is by no means evident that it is justified 
here, there is little point in applying the correction. The second 
effect would suggest that the pressures may be corrected for blockage 
by referring the coefficients of pressure to some base pressure, Cpb, 
most conveniently taken a long way downstream of the step. However, 
Hillier found that it was necessary to extrapolate the pressure 
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distribution to do this, (not surprisingly when one considers Bradshaw 
and Wong's (1972) discovery of a very slow return to equilibrium 
conditions), and consequently errors may arise in correcting the 
data in this way. 
In addition, while it may be possible to correct the. pressures, 
any adjustment to the mean velocities, also affected by blockage, 
would appear to be of doubtful validity at the present time. 
Consequently, no blockage corrections have been made to the 
data presented here and it has been decided that, when a comparison 
is to be made with some other work, a reduction of both sets of 
results by a mutually acceptable reference value offers the most 
satisfactory basis for comparison for the purposes of this thesis. 
Furthermore, no blockage corrections are required for comparison 
with the predictions of the mathematical model as this allows for 
the presence of the tunnel walls in the calculations. 
5.2.5 Surface Pressure Measurements 
Separation of flow almost always occurs at the sharp corners 
of bluff shapes and it was therefore thought unlikely that there would 
be any significant Reynolds number effects in the range of velocity 
used in these experiments. Nevertheless, a check on the effect of 
Reynolds number on the streamwise surface pressure distribution along 
the model was made over the range 3.10+ < Re < 6.10. In common with 
Tani et al (1961) and Chandrsuda (1975), no significant differences 
were noted for the pressure coefficients over this range, thereby 
satisfying the condition for Reynolds number independence. 
The streamwise surface pressure distribution from the leading 
edge to the trailing edge of the-model is shown in Fig. 5.4. The 
pressure coefficient at any point, Cp, may be defined by: 
Cp -Po s .. P - 'Bo 
2 2 pa Uo pt - pa 
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where pt, po are the total and static pressures respectively 
at the reference point (X on drawing - 
45cros above model, "55cros upstream of step) 
p is the pressure at any point. 
Uo is the reference free stream velocity (pt - po) 
and pa is the density of air. 
The pressure coefficient, Cp, is shown plotted against the 
longitudinal distance from the step (+ve downstream, -ve upstream). 
The step itself lies between 0 and 0 on the graph. 
Observing the graph from left to right, the sharp pressure 
rise at the start, due to the reattachment of the flow after passing 
over the leading edge, is followed by a short constant pressure region, - 
above which the reference point is situated. The surface pressure then 
starts to, drop slowly, this drop becoming more pronounced as the flow 
is accelerated near to the step. This is then followed by a region 
of constant pressure over the step face (shown in more detail in 
Fig. 5.5), with a further drop in pressure downstream, this reaching' 
a minimum at around x/h = 3. A rapid rise in pressure from this 
point to seven step heights downstream indicates the reattachment 
of the flow, the maximum pressure occurring about 1 step height 
beyond reattachment. Following this, the pressure drops off, ,- 
presumably towards the upstream value, in the absence of blockage 
effects. 
The pressure distribution may be compared with the results of 
Tani et al (1961), Narayanan et al (1974), Chandrsuda (1975) and 
Roshko and Lau (1955), all of whom made similar measurements on 
backward facing steps. An inspection of their results confirm the 
general shape of the pressure distribution as described abov?. However, 
for a more direct comparison it is necessary to reduce ali, the data to 
some cc=on co-ordinates as the various sets of results have been 
adjusted using different reference values to calculate the pressure 
coefficients. 
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The method of Roshko and Lau (1965) was suitable for this 
purpose. The pressure coefficients, Cp, are reduced with-reference 
N 
to the minimum coefficient Cpm,. , to-obtain a new coefficient Cp 
such that: 
1- Cpmin 
The longitudinal co-ordinate, x, is reduced to 7 such that: 
xx 
Xr 
where xr is the distance from the step to the reattachment 
point, 5.8h in the present case. 
The data of the workers mentioned above and that originating 
from the present study are shown, in the reduced form, in rig. 5.6. 
The extensive measurements by Narayanan et al and Tani et al permitted 
pressure data to be selected for the same blockage ratios (= 9%) as in 
the present work. It is clear from their results that blockage has a 
significant effect on the pressure distribution downstream of reattach- 
ment, resulting in a considerable variation in the pressure measurements 
for the far wake. However, it should be pointed out that this variation 
is not particularly significant upstream of reattachment. Narayanan 
et al demonstrated that, when an adjustable roof was used (thereby 
eliminating blockage problems), all their results collapsed onto 
one curve. 
As expected, good agreement was found between the present 
results and those of Narayanan et al. and Tani et al. The data of 
Roshko and Lau also agrees fairly well up to reattachment, but beyond 
this point their results deviate, most probably as a result of different 
blockage conditions. Agreement is not as good in the case of Chandrsuda's 
results, especially in the region following reattachment, and this is 
probably due to his use of an adjustable roof. In fact, his results 
are somewhat surprising as the use. of such a roof should cause the 
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pressure coefficient to tend towards the upstream value more quickly 
than in the other cases shown in Fig. 5.6, and not remain at a high 
value. Chandrsuda suggested that this discrepancy was due either to 
an. unsuccessful attempt at simulating a streamline at infinity or to 
the use of an insufficiently long test rig. 
Thus, discounting Chandrsuda's data, all the results including 
the present ones, taken for similar blockage ratios, appear to collapse 
on to one curve (Fig. 5.6), the maximum coefficient of pressure rise 
(CPmax - CPmin A- Cpmjn ) being approximately 0.3. In addition it 
has been noticed that blockage, while having a significant effect 
downstream of reattachment does not appear, from surface pressure 
considerations at least, to have very much effect on the near wake, 
recirculation zone. 
A useful comparison may be attempted between the measured 
coefficient of reattachment pressure and the calculated value obtained 
using an equation derived by Tanner (1975): 
Cpr 0.357 Ti + (1 - 0.357 n) Cpb 
where Cpb is the base pressure coefficient 
CPr is the reattachment pressure coefficient 
and n is an efficiency factor which varies with the 
base pressure coefficient. 
From Fig. 5.5 
Cpb - . 13 
which may be used to find n (see Tanner, 1975), 
1ý s 
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giving Cpr 0.171 
The measured value of reattachment pressure is about 0.16 and 
it therefore appears that Tanner's equation provides a reasonable 
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prediction for this quantity. When applied to the data of Narayanan 
et al, the predicted value is 0.185 as against a measured value of 
0.15. An inspection of Tanner's theory, however, reveals that it 
is really only applicable to a backward facing step or surface 
mounted wedge and it must therefore be concluded that the use of 
his equation for the prediction of the reattachment pressure for 
other separated flows must be approached with some caution. 
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5.2.6 Comparison of Hot-Wire and Pulsed-Wire Measurements 
The validity of the work presented in this thesis rests heavily 
on the accuracy of the recently developed pulsed wire anemometer, 
described in detail in section 4.4. The use of this instrument for 
measurements in highly turbulent regions has been reported by 
Bradbury and Moss (1975), Bradbury (1969,1976) and Castro (1973a), 
all of whom found reasonable agreement, where it was possible to 
make comparisons, with hot-wire measurements. 
Fig. 5.7 shows distributions of longitudinal mean velocity 
and turbulence intensity downstream of a backward facing step. The 
data was obtained, using both pulsed and hot-wires, from a smaller 
wind tunnel (cross-section 762mm x 610mm) than that used for all the 
other work reported in this thesis. In addition to this diagram, two 
detailed drawings (Figs. 5.8,5.9) are given for cross-sections 
x/h 3.0 and 9.0 showing the mean velocity and turbulence intensity 
supplied by the hot and pulsed wires. 
A discussion of the flow itself will be dealt with in section 
5.2.7, following. 
In regions of turbulence intensity less than 20% it is generally 
accepted that a single hot-wire gives a reasonably accurate measure of 
both the mean velocity and turbulent intensity. According to Castro 
(1973a), pulsed wire measurements in such regions ought to agree 
well with those of the hot-wire and Fig. 5.7 would seem to confirm 
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this. The mean velocities agree. remarkably well above, and downstream 
of, the recirculation zone, (defined by the dotted dividing streamline) 
and reasonably well at the zone edges, close to the dotted line and the 
downstream wall. In the region close to the wall, the flow is nearly 
all moving in an upstream direction which means that, although the 
local turbulent intensity is high (the intensity referred to the 
local mean velocity), the hot-wire is able to give an adequate 
measure of the mean velocity. However, away from the wall, the 
continuously reversing velocities and very high turbulence prevent 
reliable hot-wire measurements. 
In the case of turbulent intensity, the agreement between the 
two sources of data is not as good as for mean velocities. Apart 
from a few points close to the wall the hot-wire is unable to predict, 
correctly, the turbulent intensity. This is not surprising when one 
considers the very high local turbulence. Within the shear layer 
there are significant differences, the pulsed wire recording rather 
larger values of turbulence than the hot-wire; this is again to be 
expected. Outside this shear layer and downstream of reattachment 
the agreement between the two instruments is reasonable; however, 
well away from the step in the free stream, the hot-wire records 
much lower values of turbulence intensity than-the pulsed wire. 
A possible explanation for this may be that the larger pulsed wire 
creates a greater disturbance to the flow than the hot-wire, thereby 
generating a little more turbulence. 
A comparison of the pulsed wire and hot--wire data, then, shows, 
good agreement in the regions where this was to be expected, namely 
those displaying low turbulence (<20%) and no reversing flow directions. 
Within the recirculation bubble agreement was only found in the outer 
regions, close to the dividing streamline and wall, and then only for 
mean velocities. 
It may, therefore, be concluded that the absolute accuracy 
of the pulsed wire in regions of high turbulence intensity cannot 
be directly tested at present, although the new laser anemometer 
may soon be of use in such regions. However, in common with the 
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findings of Castro (1973a), the results are consistent and repeatable 
and no serious errors have been discovered while using the pulsed 
wire. This would imply that the results presented in the following 
section are of adequate accuracy for this thesis. 
5.2.7 Mean Velocity and Reynolds Stress Measurements 
Extensive measurements of mean velocity, turbulent intensity 
and turbulent shear stress were made in order to investigate the 
recirculating flow and mixing layer in the near wake region of a 
backward facing step. The pulsed wire anemometer provided mean 
velocity and turbulence data, while an X-array hot-wire anemometer 
provided the turbulent shear, stress. In addition, for this model 
only, use was made of a single hot-wire both for boundary layer 
measurements in the region upstream of the step and as a means 
of providing data for comparison with measurements obtained using 
the pulsed wire (reported in section 5.2.6). 
Apart from a few pulsed wire measurements used to check the 
two-dimensionality of the flow, all of the data presented here has 
been taken along the central (z - 0) plane of the model. Vertical 
traverses-were made at regular intervals along this plane, the 
distributions of quantities being drawn at x/h a . 105,1,2,3,4, 
5,6,7 and 9 for clarity,. Traverses at x/h - 1,2,3 and 4 are 
more detailed as these lie within the recirculation region. 
Preliminary measurements were made of the upstream turbulent 
boundary layer, using a hot-wire and pitot-static tube, to establish 
the thickness of the layer and also to provide data for the mathe- 
matical model (section 3.4). Fig. 5.10 shows the mean velocity 
distribution at x/h = -2.0, the boundary layer thickness, 699, 
measured as 54.50mm. A theoretical turbulent 'flat-plate' boundary, 
layer of the same thickness has been drawn, confirming the turbulent 
nature of the measured one. Further measurements, (not presented 
here), show an increase in velocity at the base of the boundary 
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layer as the flow moves towards the step, indicating the acceleration 
of the flow over the sharp step corner. 
The thickness of the initial boundary layer may have consider- 
able influence on the flow structure. For small ratios, (<'0.3), of 
boundary layer thickness to step height, Tani et al's (1961), results 
show a variation of base pressure with thickness while, for higher 
ratios, the pressure distribution appears insensitive to change. 
Consequently, in the present case, according to Moss et al (1977), 
a ratio of 0.7 would suggest little effect of boundary layer thickness 
on the flow structure. However, Bradshaw and Wong (1972) proposed 
that the thickness of the boundary layer has a considerable effect on 
the amount of fluid deflected upstream at reattachment, which will 
obviously modify the flow. Therefore, while no significant variation 
in pressure distribution may have been noted for the higher ratios of 
boundary layer thickness/step height, it would appear that further 
measurements (not carried out in this thesis), involving velocities 
and turbulence, are required for varying boundary layer thicknesses 
in order to understand, completely, the boundary layer effect on 
the flow. 
Mean velocity profiles (U and V) downstream of the backward 
facing step, drawn from pulsed-wire data are shown in Figs. 5.11 and 
5.12. (Some points derived from X-array hot-wire measurements are 
also shown, demonstrating good agreement in the low-turbulence 
regions of the flow. ) The dividing streamline has been drawn, (by 
integrating the longitudinal flow within the bubble), from the 
separation point at the step corner to the reattachment point, 
approximately 5.4 step heights downstream. This is rather 
shorter than the distance predicted by flow visualisation but, 
as there is no reason why the junction of the dividing streamline 
and the wall should coincide precisely with the centre of the wide 
reattachment band recognised from flow visualisation, the difference 
, 142. 
is not particularly significant. In addition, the exact position of 
reattachment of the dividing streamline is difficult to estimate 
accurately as the size of the pulsed wire does not permit measure- 
ments within about 1Cmm of the wall. 
The general shape of the longitudinal velocity distribution 
(Fig. 5.11) may be compared with those of Tani et al (1961), Denham 
(1974) and Chandrsuda (1975). It should be pointed out that these 
workers, with the exception of Denham, obtained their results using 
hot-wire anemometry or pressure probes. ' 
(Denham and Tani et al have presented their data in the same 
way as here and, although this provides for easy visual comparison 
it does not permit detailed measurements to be made-- consequently, 
their results have not been superimposed upon the present data. ) 
Tani et al have recorded measurements within the recirculation 
region which are, according to studies (section 5.2.6) involving a 
comparison of hot-wire and pulsed-wire data, of doubtful validity. 
It is almost certain that the dividing streamline has been incorrectly 
drawn in an attempt to meet a reattachment point 7 step heights down- 
stream of separation. Inspection of their. flow visualisation photo- 
graphs indicate a reattachment point no further than 6 step heights 
downstream and it has been shown here (section 5.2.3) that the 
dividing streamline probably reattaches a little earlier. In addition, 
the pressure distribution of Tani et al predicts a maximum pressure 
coefficient before reattachment, which is in contrast to the findings 
of all other workers, and, according to Chandrsuda, is not possible 
from simple momentum arguments. This would appear to confirm the 
overestimation of reattachment distance and also seriously questions 
the negative velocity measurem. nts at 6 step heights downstream, 
recorded by Tani et al. 
However, the velocity profiles beyond reattachment and those 
at central bubble cross-sections (x/h - 2,3) agree well with the 
present measurements. Tani's prediction of a maximum reversed 
velocity of 0.2Uo is also in good agreement with the value reported 
here (Fig. 5.11) 
The mean longitudinal velocity profiles of Denham have been 
drawn in insufficient detail to make a very detailed comparison with 
the present work. It appears that-the reattachment distance, maximum 
reversed velocity and general profile shapes agree well throughout 
the recirculation region, demonstrating the satisfactory use of 
the laser anemometer. However, this instrument is still at an 
early stage of its development, and Denham was (in any case) unable 
to make any measurements close to the step because the laser beams 
were interrupted by the walls. 
Chandrsuda recorded detailed traverses using both single 
hot-wire and pitot tube. In common with Tani et al it may be seen 
that, while adequately predicting the mean velocity distribution 
downstream of reattachment and at the central cross-sections of the 
recirculation region, his results would appear to be in error close 
to reattachment displaying a sudden change from high negative velocity 
to positive velocity over a very short distance. 
Referring a; ain to the present study, IIean streamlines plotted 
as contours of the stream function V, 
where ! Udy 
Uoh 
calculated from the values of mean longitudinal velocity (Fig. 5.11), 
are shown on Plate 5.5. These agree well with the general pattern 
shown by flow visualisation photographs using the helium bubble 
techniques (Plate 5.4). The total reverse flow rate per unit 
width in the region is approxil4ately 0.08 Uoh, a value which, 
according to Moss et al (1977), is considerably lower than that 
for a flat plate, (the subject of a previous pulsed wire study). 
However, in contrast to the flat plate, no evidence of vortex 
shedding was found for the backward facing step, a factor which 
will considerably affect the reverse flow rate. 
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A very weak secondary recirculation, in the opposite sense 
to the main bubble occurs in the corner, at the bottom of the step. 
Although this was detected clearly by the velocity measurements, 
the size of the pulsed wire probe was tdo great on the scale of 
the experiment to permit detailed examination. 
Fig. 5.12 shows the vertical mean velocity distributions 
(V-component) at various cross-sections downstream of the backward 
facing step. The scale of the drawing has been maintained the same 
as for Fig. 5.11 to permit direct comparison so, for clarity, traverses 
at x/h = 3.0 and 7.0 have been drawn to a larger scale (Figs. 5.13, 
5.14). Points to the left of a section line indicate a velocity 
direction towards the wall, while points to the right indicate 
the opposite. To obtain these results, the pulsed-wire probe 
was simply rotated through 90° and. the traverses repeated. 
As expected, the distributions show a movement of flow away 
from the wall close to the step, gradually reversing until after 
x/h - 3, the flow is all moving in a downward direction. The 
magnitude of the V-component decreases after reattachment as 
the flow slowly relaxes to the normal boundary layer state. 
These particular results not only conform to the expected 
distribution but also demonstrate the use of the pulsed wire 
for measurements other than those requiring instrument alignment 
in, or close to, the mean flow direction. Other instruments,, for_ 
example the hot-wire and pitot-tube, are not as versatile and 
consequently other workers have generally confined their experiments 
to the longitudinal component of velocity. That this has sometimes 
not been sufficient for their purpose is demonstrated by Chandrsuda 
who, requiring the V-component for energy and shear stress balance 
equations, attempted to calculate its value from the continuity 
equation, a far less accurate method than direct measurement. 
A final check on the mean velöcity results may be fcund in 
Fig. 5.15, showing the velocity vectors throughout the. near wake' 
region. These have been calculated from the U and V component 
results (taken at the same point) and, if a comparison is made 
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with the streamline plot (Plate 5.5), it may be seen that the 
directions of the vectors are. adequately predicted, thus confirming 
the validity of the vertical mean. velocity component measurements. 
Figs. 5.16,5.17,5.18 and 5.19 show the distribution of 
turbulence intensity component 72'-v72, wl and turbulent shear stress 
-uV respectively, downstream of the backward facing step. The 
dividing streamline, effectively marking the boundary of the 
recirculation region, is indicated on each of the diagrams. The 
distributions of turbulence intensity, drawn from pulsed wire data, 
are discussed first of all. 
For the first few profiles, x/h = 0.105,1 and 2, the three 
turbulence components are almost identical (Figs. 5.16,5.17,5.18) 
indicating a very low value of intensity within the recirculation 
zone followed by a sudden increase to a maximum value coinciding 
with the position of the dividing streamline. (Note: the diagrams 
refer the turbulence to the free stream reference velocity not the 
local velocity. ) Above the dividing streamline, the turbulence 
intensity drops quickly to the free stream value. 
As the mixing layer spreads into the recirculation region 
the turbulence intensity peak, for all three components, becomes 
less pronounced, moving steadily downwards with the dividing stream- 
line. The diagrams also show an increase in the maximum value of 
turbulence intensity with downstream distance from the step corner. 
From about x/h =4 the position of maximum turbulence, which 
until this point coincides with the dividing streamline, starts to 
deviate outwards, this deviation increasing rapidly as reattachment 
is approached. Tani et al (1961) and Chardrsuda (1975) also record 
this feature in their experimental results. 
Following reattachment, the magnitude of the turbulence 
intensity decreases with distance. downstream approaching, according 
to other workers who made measurements in the far wake, the profiles 
associated with fully developed turbulent boundary layers. 
Inspection of the three diagrams of turbulence intensity 
reveals that, for all cross-stream profiles the pear longitudinal 
turbulence is of a greater magnitude than'the other twa components. 
This is shown in detail in Fig. 5.20, where the streamwise variation 
of u2, v2 and w2 has been plotted against downstream distance from the 
step. 
Many workers, unable to measure the wý (cross-stream) component 
of turbulence have approximated this value by assuming it to be equal 
to j(ü +-P-). Fig. 5.20 shows this to be a reasonable assumption, 
the difference between the measured value of w2 and the approximated 
value being small enough to be attributed to experimental error. For 
each component of turbulence there is a steady rise in maximum value 
as the shear layer moves downstream from the step, the peak values 
being reached simultaneously at around 4 to 4.5 step heights down- 
stream. This is followed by a rapid. drop in maximum turbulence 
intensity coinciding with the deviation of the dividing streamline 
and the approach of reattachment. 
This variation of turbulence, for the longitudinal component 
only, has been recognised by other workers and a comparison with 
their results is shown in Fig. 5.21. The data-of Tani et al and 
Chandrsuda originates from single hot-wire measurements and under- 
estimates the peak value of maximum u2/Uö (see section 5.2.6). 
(Close inspection of Chandrsuda's work reveals that measurements 
were also taken with an X-array hot-wire. These were subsequently 
neglected as they were thought to be'in error although they now 
appear, in the light of the present data, to be worthy of consider- 
ation. ) Surprisingly, Denham's results, using a laser anemometer are 
not satisfactory (more noticeable when comparing the overall distribu- 
tions of turbulence). Although the peak maximum values agree well, 
Denham admits that there were wide discrepancies in the data when 
the measurements were repeated.. He suggests that this was due to 
inadequacies in the instrumentation. 
The distribution of turbulent shear stress (- üv/Uö ) down- { 
stream of the backward facing step is shown in Fig. 5.20. In contrast 
i 
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to the results of turbulence intensity this data was. obtained using 
an X-array hot-wire anemometer. (The pulsed wire is not currently 
suitable for such measurements. ) Consequently, measurements taken 
within the recirculation region are invalid and those within the 
highly turbulent shear layer must be treated with some caution. 
However, the general profile shapes agree well with the results 
of Tani et al and Chandrsuda, both of whom also obtained the 
data using X-wires. 
In common with the turbulent intensity components, the position 
of the peak value of shear stress coincides with the dividing streamline 
from the step corner to about 4 step heights downstream. Following 
this point the position of the peak deviates outwards and decreases 
in value subsequent to reattachment. Tani et al reported that, far 
downstream of the reattachment position, a fully developed turbulent 
boundary layer is formed having a maximum shear stress at the surface. 
Present measurements, however, were not carried sufficiently far 
enough downstream to confirm this or the 'mixing layer/boundary 
layer' hybrid suggested by Chardrsuda. A comparison of the 
variation of maximum turbulent shear stress with the results 
of other workers is shown in Fig. 5.22. Although there is a 
considerable variation in the results, they all-show a decrease 
in the value of maximum shear stress soon after reattachment. 
Fig. 5.20 compares the maximum turbulent intensity and 
turbulent shear stress variation with downstream distance, as , 
measured here. Bradshaw and Wong (1972) have studied the rapid 
drop in shear stress and longitudinal turbulent intensity (u2/Uo ) 
and subsequently proposed that, since the dividing streamline is not 
too far from the line of maximum shear stress or turbulent intensity 
prior to reattachment, the large eddies which extend over most of the 
flow and produce much of the shear stress are roughly torn in two. 
They justify this proposition by pointing out the rapid decrease in 
turbulent shear stress which they measured. The results presented 
here indicate, for the first time, that all'three components of 
turbulent intensity behave in a similar fashion, with sudden decreases 
in maximum values following reattachment. This would certainly appear 
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to confirm Bradshaw and Wong's suggestion for the bifurcation of the 
shear layer at reattachment. 
Figs. 5.23,5.24,5.25 provide the detailed variations of 
u l, v2, w and -üv at x/h equal to 3,5 and '7 respectively with the 
distribution of mean velocity (U), and, where appropriate, the 
dividing streamline shown for comparison. It may be seen (also 
reported by Moss et al, 1977), that the maximum value of the 
Reynolds stresses are found in each case in the region where the 
transverse velocity gradient 8U/8y is close to a maximum. 
Furthermore, it may be noted that, while 
ü is in general the 
greatest of the normal stresses in the mixing layer and v2 the least, 
after reattachment w2 retains a higher value close to the solid 
boundary than either vZ or u2. This perhaps may be seen as according 
with Bradshaw and Wong's statement that, at reattachment, where the 
longitudinal rate of strain is high, v7 and w2 might be expected to 
increase near the surface while u2 tended to decrease, although 
there would be an opposing tendency for v2 to be reduced by the 
presence of the solid boundary while u2 and w2 increased. Bradshaw 
and Wong conclude that the actual outcome is dependent on the length 
scale of the fluctuations. 
Fig. 5.26 describes the distribution of turbulent energy, k, 
1{7 +7+ -w-7)) drawn by summation of the three normal stress 
components. Similar results have not been shown by other workers 
as they have generally restricted their measurements to the longi- 
tudinal component of turbulence only. 
The general pattern of turbulent energy is similar to those 
of the turbulence intensity, with maxima occurring on the dividing 
streamline for the first 4 step heights downstream followed by a 
deviation from this line as reattachment is approached. A parti- 
cularly useful application of the turbulent energy distributions 
is to provide comparisons with the data predicted by the numerical 
analysis - this will be discussed in. section. 6.3.4. 
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Castro (1973b) defined the centre line of a mixing layer as a 
line of maximum kinetic energy and it is interesting to note that, in 
this case, the dividing streamline-coincides for much of its length 
with such a line. This suggests that it may be useful to attempt a 
comparison between the present mixing layer (the free shear'layer) 
and the plane two-dimensional mixing layer (between a free stream 
and still air). 
"r 
Such a comparison has previously been suggested by Mueller et 
al (1964) and Bradshaw and Wong (1972). In the case of Bradshaw and 
Wong, they compared the behaviour of maximum shear stress as measured 
by Tani et al (1961) and Mueller et al and found that the shear stress 
in the free shear layer was significantly higher than the value of 
0.01pU2 
O 
found in a plane mixing layer. Consequently, while noting 
the existence of streamline curvature, backflow into the recirculation 
region and re-entrainment of stress bearing fluid, all of which affect 
the shear stress in the free shear layer, they concluded that there 
were still considerable differences between the two mixing layers. 
However, the present measurements and those of Chandrsuda (rig. 5.22) 
indicate good agreement with the maximum value of 0.01pU2 for the 
plane mixing layer. In addition, Chandrsuda suggested that the 
free shear layer can approximate to the plane mixing layer close 
to the step. 
Using the results of Champagne et al (1976) and Wygnanski et 
al (1969) an attempt was made, in this thesis, to compare the plane 
mixing layer and the free shear layer originating from a separated 
flow. This is especially interesting in the light of new measurements 
reported here. In addition, such a comparison should also be possible 
for the shear layers associated with a forward-facing step and a two- 
dimensional block, discussed later in this chapter. Reasonable 
agreement, it is hoped, could suggest a simple analytical treatment 
for the recirculating region of flow. 
Figs. 5.28,5.29,5.30 and 5.31 shows comparisons of mean 
velocity (U), longitudinal and lateral components of turbulent 
intensity (uff and v2) and turbulent shear stress (- tiv) with 
11 
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similar distributions, found by, Wygnanski"and Fiedler, for the plane 
mixing layer (b'etween a free stream and still air). In order to make 
such a comparison the-present data have been plotted to the same 
co-ordinate system as used by Wygnanski et al; thus, all quantities 
have been plotted against Ti, where 
Y Y, 
X 
and the quantities themselves have been divided by UE, 
where UE is the mean velocity at the particular cross-section 
above the free shear layer being considered. (In the 
case of the plane mixing layer of Wygnanski UE was simply 
the exit velocity but in the present case UE'varies as 
the flow moves downstream). 
y is the vertical distance measured from the wall 
ym is the vertical distance to the point where U= UE 
ymý is the vertical distance to the point where U= UE/2 
and x is the longitudinal distance measured from the 
separation point 
This is illustrated (for the typical case of a shear layer 
growing from a two-dimensional block) in Fig. 5.27. It has already 
been mentioned that the dividing streamline coincides, approximately, 
with the centre line of the mixing layer (U - UE/2) over a considerable 
distance. 
Values of mean velocity, turbulent intensity and shear stress 
have. been plotted for x/h = 1,2,3,4 and 5 in the reduced co-ordinate 
scheme described above. It is not expected that any correlation will 
exist beyond 5 step heights downstream, at which point the free shear 
layer, according to Chandrsuda,. becomes a hybrid of a mixing layer 
and turbulent boundary layer. In all four diagrams the results of 
Wygnanski and Fiedler (1969) are shown as continuous lines. 
It may be'seen in Fig. 5.28 that the mean velocities across 
the backward facing step shear layer agree well with the plane mixing 
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layer distribution of Wygnanski and Fiedler. The agreement is 
expecially satisfactory on the high velocity side (+v n) but rather 
poor on the low velocity side. Similar relationships also exist for 
the turbulence intensity and shear stress distributions, with reason= 
able agreement between shear layer and mixing layer only occurring 
on the high velocity side of the. centre-line. 
At this point, it is necessary to emphasise the approximate 
nature of the comparison; in the present case the mixing layer follows 
a curved path so that the velocity in the main flow outside the same 
layer is not constant and lines perpendicular to the solid boundary 
are not perpendicular to the centre-line of the mixing layer. 
However, even allowing for the approximate nature of the 
comparison, it cannot be suggested that the low speed side of 
Figs. 5.28,5.29 5.30 and 5.31 are at all closely comparable with 
the plane mixing layer. The explanation is that the high levels of 
turbulence in the separated zone are far higher than the corresponding 
values in the plane mixing layer. In addition, on the low speed side 
there is a recirculating region with its reversed flow rather than a 
simple quiescent zone. 
Bradshaw and Wong (1972) suggest that part of the reason for 
the high values of shear stress (Fig. 5.31) in the shear layer is 
due to this reversed flow. Consequently, some account may be taken 
for this fact by assuming, in the case of the backward facing step, 
that the effective velocity difference across the shear layer is 
approximately 1.2UU and not UE; (the reversed velocity is approx- 
imately 20% of the free stream velocity). The maximum values of , 
v2 and -uv (Figs. 5.29,5.30,5.31) have been adjusted by this new 
effective velocity and a line parallel to the new maxima marked on 
the graphs. The agreement between maximum values of all Reynolds 
stresses for the shear layer and plane mixing layer is now consider- 
ably improved, the small differences still remaining being accounted 
for by the reasons given previously. 
However, such agreement is far from conclusive and it will be 
necessary to examine also the degree of agreement found in the mixing 
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layers of the forward facing step and the two-dimensional block, 
both producing much longer shear layers, before summarising the 
conclusions. 
5.2.8 Static Pressure Measurements 
To complete the investigation on the backward facing step, an 
attempt was made to measure the variation of static pressure coefficient 
throughout the near wake region. 
A disc-static probe, described in section 4.3, was selected 
for this investigation, the measured pressure being converted into 
an electrical signal, passed through a digital voltmeter and 
processed by the desk computer. Such an instrument has been 
described by Bryer and Pankhurst (1971) who claimed that the 
disc-static probe was insensitive to flow direction in one plane 
and also of use in turbulent flow conditions. Chandrsuda (1975) 
used a disc-static probe to investigate the static pressure distri- 
bution across the shear layer of a backward facing step in order to 
calculate the mean velocity profiles. This was essential as his previous 
calculations, based on pitot measurements together with the assumption, 
of a constant static pressure equal to the surface pressure, were 
considerably in error. 
However, according to Bradshaw (1975), the measurement of mean 
(or fluctuating) static pressure in turbulent flows using any instru- 
ment cannot be undertaken with any assurance of accuracy. A number 
of investigations on the errors of conventional static tubes caused 
by turbulence intensity have been, made, (for example, Bradshaw and 
Goodman, 1966), but, according to Chandrsuda (1975) no such work 
has been carried out for the disc-static probe. Consequently, it 
seems likely that considerable errors exist in the measurement of 
static pressures in turbulent flows using this instrument and this 
may well suggest the reason for the discrepancies in the corrected 
velocity results of Chandrsuda for the highly turbulent reattachment 
region. 
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Fortunately, the present study did not require static pressure 
data for the calculation of mean velocity as the pulsed wire is 
capable of direct measurement.. However, the variation of static 
pressure is predicted by the mathematical model and it may be 
interesting to compare the disc-static probe measurements with 
the computed data. 
The measured static pressure contours downstream of a backward 
facing step are shown in Fig. 5.32. Also shown on the drawing is the 
dividing streamline and the surface pressure coefficients, which may 
be presumed to be correct. The general pressure distribution agrees 
qualitatively with the data of ChAndrsuda, Fig. 5.32, indicating a 
reduction in pressure coefficient towards the centre of the recircu- 
lation bubble. The pressure appears to increase rapidly as reattach- 
ment is approached together with a more constant static pressure 
distribution across the flow. 
r 
The static pressure measurements close to the walls are lower 
than the corresponding surface pressure measurements and this would 
suggest that, in regions of high turbulence, the disc-static probe 
underestimates the true static pressure. Nevertheless, the results 
(Fig. 5.32) do present a coherent picture of pressure distribution 
and also provide some useful data for comparison with the predictions 
of the mathematical model. 
5.2.9 Summary of Experimental Study Involving a Backward Facing Step 
This section has described, in some detail, the experimental 
study on a backward facing step. The investigation has involved the 
use of a recently developed inctrtiant, the pulsed wire anemometer, 
which has permitted new measurements of velocity and turbulence 
intensity in the near wake region of the flow. 
An important part of this study concerned a comparison 
between pulsed wire measurements and data obtained, here and elsewhere 
using the conventional hot-wire. Excellent agreement was obtained 
in the regions where this was tobe expected, namely those displaying 
low turbulence intensity, but it was not possible to gauge the 
accuracy of the pulsed wire in the highly turbulent zones due to 
the limitations of other instruments in these regions. 
At present, it would seem that the performance of the pulsed 
wire appears to be superior to the laser-anemometer which, although 
offering no interference to the flow, is restricted to regions 
providing clear paths for the laser beams. 
Confirmation has been obtained, by flow visualisation, pressure 
and velocity measurements, of the two-dimensionality of the flow over 
most of the model span with the exception of the regions adjoining 
the tunnel walls. This justified the use of only one (central) 
streamwise plane for all measurements on the model. 
The general flow patterns reported here agree well, where 
this is possible, with the results of previous workers. In addition, 
the new measurements highlight the errors of other investigations, 
most noticeable in the recirculating and reattaching regions. 
The new turbulent intensity measurements in the shear layer 
appear to confirm the suggestion of Bradshaw and Wong (1972) that 
the shear layer bifurcates at reattachment. In addition, the 
measurements suggest that a comparison may be made between the 
present shear layer and the two-dimensional plane mixing layer, 
(between a free stream and still air). The present results indicate 
reasonable agreement for the high speed side of the mixing layer and, 
if account is taken of the effective velocity difference across the 
shear layer, the maximum values of intensity and shear stress agree 
well with the corresponding values for the plane mixing layer. However, 
similar comparisons are required for the forward-facing step and two- 
dimensional block before any firm conclusions as to the relationship 
can be drawn. 
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Finally, a description of static pressure measurements using 
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a disc-static probe has been given. These results are highly suspect, 
but do provide some useful data for. comparison with the predictions 
of the mathematical model. 
9. 
J!, 
ý, .; ýT 15G. 
5.3 FORWARD FACING STEP 
5.3.1 General 
The forward facing step was the second model selected for study 
in this research programme. In contrast to the backward facing step, 
relatively little work has previously been undertaken using this 
geometric shape. The step used here involved two regions of 
separated flow, the first being upstream of the step and enclosed 
by the wall and step face, and the second, longer bubble, originating 
from the top corner of the step. 
A number of important studies carried out on the backward 
facing step, for example, a comparison of hot and pulsed-wire 
measurements, a discussion of blockage effects and extensive 
oil-film visualisations, ýhave not been repeated for this model. 
The forward facing step model is simply the reversal of the 
previous backward facing step, the leading edge now formed by a 
sharp wedge shape instead of the rounded nose-cone used previously. 
Consequently the detailed description and photographs of the back- 
ward facing step given in section 5.2.1 apply equally to the present 
model. 
For clarity, the arrangement of the forward facing step in the 
wind tunnel is shown in Fig. 5.33. The reference pitot-static point 
used for all pressure and velocity measurements is again marked with 
a cross, at 45cm above the model and 55cm upstream of the step. 
5.3.2 General Flow Behaviour 
The general flow pattern-around the forward facing step was 
initially investigated using the helium bubble technique of flow 
visualisation. However, the complex nature of this flow, with 
two separated, recirculating regions,. resulted in rather less 
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successful photographs than those obtained with the more simple 
backward facing step. 
Plate 5.6a, a short (1/60th. sec) exposure photograph of the 
flow, presents a picture of the general flow directions in the vicinity 
of the step. (The mean wind-tunnel flow is from right to left. ) 
Upstream of the step the flow splits, some moving down towards 
the bottom corner and the rest moving over the top corner and 
downstream. The flow is so weak in the recirculating region 
upstream of the step that only two tracks may be seen. Little 
information is available concerning this region, although a number 
of photographs at this exposure may provide some quantitative velocity 
data. 
Plate 5.6b is a medium length exposure (1/4th sec) and clearly 
shows the direction of the streamlines outside the separated zones. 
As before, the upstream recirculating region is not well defined 
but, in this photograph, some indication is given as to the reattach- 
ment point of the second 'bubble'. In addition, "the turbulent nature 
of a separated flow is demonstrated by tracks of varying length and 
direction in the second (downstream) recirculating region. 
Plate 5.6c is a long exposure (5 sec) photograph offerring a 
general view of the extent of the two highly turbulent separated 
regions both upstream and downstream of the step. No quantitative 
information is available from such a photograph other than the 
positions of separation and reattachment. 
In contrast to the relatively well documented backward facing 
step, little information is currently available regarding the general 
flow behaviour of the present model. In addition, the flow visual- 
isation studies, described above, are not as productive as for the 
previous case. 
Nevertheless, the limited amount of existing information would 
suggest that the upstream recirculating flow is particularly weak, as 
indicated by a lack of helium bubble'tracks. Separation of the 
upstream bubble takes place approximately one step height upstream 
of the step, the shear layer reattaching at some, as yet undefined, 
point on the step face. The flow. separates again at the top corner 
of the step, from which point a curved shear layer grows enclosing 
a second, more extensive. recirculation region, possibly very similar 
to that associated with a backward facing step. Finally, downstream 
of reattachment, the flow slowly relaxes towards a normal boundary 
layer state as described in section 5.2.3. 
5.3.3 Surface Pressure Measurements 
The surface pressure distribution for this model has been 
presented in the same manner as for the backward facing step. (The 
spacing of the pressure tappings is given in section 5.2.1. ) The 
reference dynamic head has been taken at the same position relative 
to the step, as used for the previous model. 
As before, pressures were recorded over the range 2.9.104 < 
Re < 4.6.104, but no observable effect of Reynolds number was noted. 
Mean pressures were also recorded at a number of positions off the 
model centre-line. These indicated no significant variation from 
the corresponding centre-line values and suggest that the flow is 
nominally two-dimensional. Hillier (1976), in a study of the 
recirculaticn region downstream of a forward facing step, also 
recorded no variation in pressure coefficient across the flow and 
suggested that this does not necessarily imply that the flow is 
strictly two-dimensional, only that the lateral gradients are not 
appreciable. 
The streamwise surface pressure distribution for the complete 
model is shown in Fig. 5.34. (The pressure coefficient, Cp, is defined 
in section 5.2.5. ) In addition, Fig. 5.35 presents a more detailed 
diagram of the pressure distribution in the vicinity of the step face. 
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The pressure coefficient rises slowly, at first, from the 
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leading edge to about 4 step heights upstream of the step (x/h - -4.0) 
after which the rise becomes more rapid. This rapid increase in 
pressure indicates the slowing down of the flow, close to the 
solid boundary, which precedes. separatiön. Following separation, 
at around x/h = -1.0 the pressure rise levels off and remains 
constant for the region up to the step. From flow visualisation 
(Plate 5.6) this region of constant pressure would appear to coincide 
with the extent of the upstream recirculating region. 
The pressure now rises again up the step face reaching a 
maximum (Fig. 5.35) at around 0.65h, which represents the position 
of the stagnation point where the dividing streamline reattaches. 
There then follows a sharp drop in pressure as the flow moves round 
the top corner of the step and separates. The suction force which 
such a pressure drop represents is often the cause of significant 
cladding damage to buildings in high. wind conditions. 
Downstream of the step, the pressure coefficient drops 
further still to a minimum at around x/h a 1.5. This is followed 
by a rapid, monotonic pressure recovery to x/h ¢ 7.0, indicating 
the reattachment-of the shear layer, (which originated from the 
step corner). It is generally accepted that the pressure recovery 
overshoots the actual reattachment position which, if a comparison 
is made with the pressure distribution of the backward facing step 
(Fig. 5.4), may be assumed to be somewhere around x/h Q 5.0. 
The pressure coefficient reaches a peak maximum value around 
x/h - 8.0, before slowly dropping off downstream. This maximum point 
is not as well defined as for the backward facing step. In fact, 
Hillier found no evidence of a peak pressure corresponding to the 
reattachment zone but this may well have been due to an inadequate 
groundboard length. 
The general shape of the pressure distribution (Fig. 5.34) 
agrees qualitatively with the results of Hillier. A detailed comparison 
is not worthwhile as his model was significantly different from the 
present one, possessing no upstream groundboard (and therefore lacking 
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the upstream recirculating zone) and most probably of too short a 
length downstream of reattachment. In addition, Hillier's method 
of reducing the pressures, by extrapolating the distribution to a 
final reference value seems somewhat inaccurate, especially as no 
peak maximum pressure was recorded. 
The pressure distribution downstream of the step also compares, 
qualitatively, with the backward facing step distribution. This 
suggests that the general nature of both bubbles is similar. 
5.3.4 Mean Velocity and Reynolds Stress Measurements 
In common with similar measurements on the backward facing 
step, this section, reporting mean velocity and Reynolds stress 
measurements, provides one of the most interesting contributions of 
the thesis. This section describes the two recirculating regions of 
flow, associated with a forward facing step, in terms of pulsed wire 
measurements, presenting information which has not previously been 
possible. In addition to the pulsed wire, an X-array hot-wire 
anemometer has been used for the measurement of shear stress within 
the shear layers. 
As before, the investigation has been restricted to the central 
plane of the model, this being considered typical of any section other 
than regions close to the tunnel walls. Traverses of all quantities 
have been made at x/h - -. 105, -. 25, -. 5, -1, -2, -3, -4, -5, -. 5,1, 
1.5,2,2.5,3,3.5,4,4.5,5,6 and 7, the negative values indicating 
positions upstream of the step. 
Mean velocity profiles, of both U and V components, for the 
entire range of traverses mentioned above, are shown in Figs. 5.36, 
5.37 and 5.38. The dividing streamlines have been drawn for both 
upstream and downstream recirculating regions. 
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The first longitudinal velocity profile (Fig. 5.36), at 
x/h - -5.0, conforms to that of a fully developed turbulent boundary 
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layer, of approximate thickness 0.7h. (This is the same as for the 
backward facing step. ) As the flow moves towards the step, the 
changing velocity 'profiles indicate a deceleration of the flow, 
typical of conditions approaching-separation. Separation of flow, 
defined by the condition. dU/dy = 0, (see section 1.5) occurs'some- 
where between x/h = -1.0 and x/h = -1.5. Beyond this point,, as the 
step is approached, reversal of velocity can be seen and the separated 
shear layer grows into the free stream. The dividing streamline, which 
may be drawn from the separation point, reattaches at 0.65h above the 
wall on the step face, enclosing a region of very slow moving recircul- 
ating fluid. 
Fig. 5.37 presents the distribution of longitudinal velocity 
component downstream of the step. Clearly, the flow separates at 
the corner of the step and the separated shear layer (or dividing 
streamline) reattaches at around x/h = 4.8. The velocity profiles 
indicate the extent and magnitude of the reversed flow, the maximum 
reversed velocity being of the order of 0.3Uo, which may be compared 
to a value of 0.2Uo behind a backward facing step. In additicn, the 
velocity increased rapidly to the free stream value, resulting in a 
more shallow recirculating region (bubble) than that drawn for the 
previous case (Fig. 3.11). Downstream of reattachment, the velocity 
profiles follow a similar pattern to that in Fig. 5.11, and indicate 
a very slow relaxation to normal equilibrium boundary layer conditions. 
Hillier (1976) used a hot-wire to make some velocity measure- 
ments in the downstream region of a forward facing step. The limitations 
of this instrument restricted his investigation to regions outside the 
recirculating region but the results which he does present indicate a 
fairly shallow bubble reattaching at around 4.4h downstream of the 
step. Unfortunately, the data of Hillier is not sufficiently 
detailed to make any further quantitative comparisons. 
It would appear, then, from a comparison of mean longitudinal 
velocity profiles (Figs. 5.11 and 5.37), that the general nature and 
mechanism of the downstream recirculating zone of the forward facing 
step and the single bubble of. the backward facing step-are very similar. 
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However, perhaps not surprisingly, no evidence could be found of any 
secondary recirculation. near to the-separation point as was recognised 
in the case of the backward facing step. 
Fig. 5.38 shows the distribution of the vertical (V) component 
of mean velocity throughout the near wake regions of the forward 
facing step. As expected, the diagram indicates a strong upward 
flow close to the step as the flow is deflected around the corner. 
Further downstream of the step the direction changes as the flow 
moves downwards towards reattachment. 
Mean streamlines of the flow were again prepared from the 
longitudinal velocity measurements and are shown on Plate 5.7. The 
reverse flow rate per unit width in the separated region downstream 
of the step corner is of the order of 0.07Uoh, virtually the same as 
for the backward facing step. However, the reverse flow in the other 
recirculating region before the step is very much weaker, the flow 
rate per unit width being no more than 0.01 Uoh. (In Plate 5.7 the 
mean streamlines for this region are shown for intervals of 0.002 
rather than 0.2 as for all other regions, in order to give a better 
description of the flow pattern. 
Figs. 5.39,5.40,5.41 and 5.42 show the distributions of 
turbulence intensity components u2, v2 and w2 and turbulent shear 
stress --v, respectively, for the region -5 < x/h <7 of the forward 
facing step. As usual, the dividing streamlines (calculated from the 
mean longitudinal velocity profiles) are marked on 
each 
of the figures. 
The stresses in the recirculating region upstream of the step are 
fairly small and, as the flow in this zone is particularly weak, 
this discussion deals mainly with the second, more extensive region 
of separated flow downstream of the step. 
In all cases, the stresses in the mixing layer show a similar 
behaviour to that of the backward facing step, the maximum values of 
all Reynolds stresses increasing with downstream distance from 
separation (x/h = 0) and reaching a. peak at around reattachment. 
In common with the backward facing step mixing layer, the lines 
_ý 
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of maximum stress coincide with the dividing streamline for a 
considerable distance (to x/h = 3.5) and then deviate outwards as 
reattachment is approached. Following reattachment, the magnitude of 
the turbulent intensities decrease with distance downstream, presumably 
relaxing to the profiles associated with normal turbulent boundary 
layers. 
In addition, it may be seen that,. as with the previous case', 
the u2 component is the greatest in the mixing layer and the v2 
component the least until, after reattachment, when w2 retains a 
higher value close to the solid boundary than either u2 or v2. 
This variation, which agrees with Bradshaw and Wong's (1972) 
observations downstream of a backward facing step, has been 
discussed previously in section 5.2.7. 
The variation of the turbulence quantities with distance all 
show a decrease in magnitude following reattachment. Although this 
decrease is not as sudden as that noted for the previous shear layer 
(i. e. associated with a backward facing step), it would nevertheless 
appear to confirm the suggestion of Bradshaw and Wong that the shear 
layer bifurcates at reattachment. 
The discussions of this section, so far, have implied that 
there is a considerable similarity in the recirculation regions 
associated with both forward and backward facing steps. However, 
inspection of the distributions of stresses for the two cases reveal 
that, although there is reasonable qualitative agreement, the turbulent 
stresses in the 'bubble' above the forward facing step are considerably 
greater than those in the other case. For example, the longitudinal 
component of turbulence reached 0: 11Uä for the forward facing step 
(Fig. 5.39) compared to 0.04U2; for the backward facing step (Fig. 5.16). 
In addition, the shear stress reached -0.03U2; compared to a previous 
value of around -O. OlU, 
It is suggested here that the main factor causing such an 
increase in stress compared with the previously studied. recirculating 
flow could be the increased effective velocity difference across the 
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mixing layer. In the present case, the convergence of the flow as it 
moves over the step results in an increase of velocity above the 
upstream reference velocity (Uo) to about 1.3Uo (Fig. 5.37), whereas, 
for the backward facing step there is little change. In addition, 
the reversed velocity is approximately 50% greater than in the 
previous case. 
Fig. 5.43 presents the distribution of turbulent kinetic 
energy throughout the flow, calculated, as before, by summation of 
the three individual turbulence intensity components. As expected, 
the line of maximum kinetic energy follows the dividing streamline 
closely for about 3.5 step heights from the corner before deviating 
outwards as reattachment is approached. The peak value of kinetic 
energy occurs near reattachment. A particular use of these profiles 
may be to provide a comparison with any predictions derived from a 
mathematical model. 
The results clearly show that it would again be useful to 
attempt a comparison between the present shear layer (downstream of a 
forward facing step) and the two-dimensional plane mixing layer. Good 
agreement has already been established between the shear layer associated 
with the flow over a backward facing step and such a mixing layer 
;i 
(section 5.2.7). As before, the measurements have been compared with 
11 
the data of Wygnanski and Fiedler (1969). 
Figs. 5.44,5.45,5.46 and 5.47 show comparisons of mean 
velocity (U), longitudinal and lateral components of turbulence 
intensity (ü and v) and turbulent shear stress (-uv) with comparable 
data for the plane mixing layer (between a free stream and still air). 
The data and co-ordinate system was reduced, to permit comparisons to 
be made, in an identical fashion as for the backward facing step 
(section 5.2.7). 
Extra traverses were taken for the forward facing step 
experiments and consequently the quantities mentioned. above have 
been plotted for x/h = 1,1.5, '2,3,3.5,4,4.5 and S. As before, 
it was not likely that any correlation would exist beyond the vertical 
traverse coinciding with the reattachment region. 
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As expected, reasonable agreement exists on the high speed 
side of Fig. 5.44 between the mean velocities across the shear layer 
and the curve of Wygnanski and Fiedler. However, the agreement between 
the turbulence intensity components and turbulent shear stress is far 
from satisfactory, the peak values of stresses for the present shear 
layer being considerably-higher than those of the plane mixing layer. 
For example, the maximum value of 
r/UE for the present shear layer 
is around 0.25 compared to a value of 0.18 for the plane mixing layer. 
(Note: UE is not the free stream reference velocity, but the velccity 
above the cross-section in question. ) At this stage the reader is_ 
reminded again of the very approximate nature of the comparison as 
outlined in section 5.2.7. 
As for the backward facing step, it would seem reasonable to 
adjust the results to take into account the effective velocity 
difference across the shear layer. In this case the reversed 
velocity is some 50% greater than for the previous recirculating 
flow so, as a rough approximation, a value of 1.3UE is suggested 
to adjust the measured data presented here. 
Dividing the maximum value of longitudinal turbulence intensity, 
Fig. 5.45, shows a drop from 0.24UE to around 0.18UE, which agrees very 
closely with the plane mixing layer value. For the lateral component 
of intensity (v2) the drop is from 0.185UE to 0.14UE, again very close 
to the mixing layer value. Although good agreement is also to be 
found for the turbulent shear stress, it must be pointed out that 
the volume of data is rather limited (Fig. 5.47) and also that 
the data was obtained using hot-wire anemometry. 
This analysis, then; confirms that reasonable agreement exists 
between the shear layer associated with a separated, recirculating 
flow and a plane mixing layer. The agreement only appears completely 
{ 
satisfactory if account-is taken of the effective velocity difference 
across the shear layer (not merely the free-stream velocity) and the 
results adjusted accordingly. 
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5.3.5 Static Pressure Measurements 
A disc-static probe was used in this investigation to obtain 
static pressure data throughout the flow. This instrument (described 
in section 4.3) was previously used for the backward facing step 
investigation. 
The difficulties of static pressure measurements in turbulent 
flow have already been mentioned (section 4.3)'and it should be 
acknowledged that considerable errors may occur when using the 
disc-static probe in such conditions. Unfortunately, according 
to Chandrsuda (1975), a detailed investigation of the, errors, 
arising from the use of such an instrument, has not yet been 
carried out. 
The static pressure measurements in the regions around a 
backward facing step were compared to the results of Chandrsuda, and 
reasonable qualitative agreement was found for the two cases. HIowever,. 
no previous data has been reported in the case of a forward facing 
step and a comparison is therefore impossible. As before, the main 
purpose of such measurements is not for the calculation of mean 
velocity (see Chandrsuda, 1975), but to provide data for comparison 
with the predictions of the mathematical model. 
Fig. 5.48 presents the static pressure contours, as measured 
with the disc-static probe, for both upstream and downstream regions 
of the forward facing step, (from -5 < x/h < 7). The values of 
surface pressure, which have been established from the direct 
reading of surface pressure tappings, are also noted on the 
diagram. 
Upstream of the step, the diagram shows a steady increase in 
pressure towards the lower step corner, a maximum pressure occurring 
near to the centre of the bubble. A comparison of the static pressure 
contours where they meet the solid boundary indicate particularly good 
agreement with the surface pressure data. (Note: the same reference 
point has been usedýfor-both sets of data. ) 
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The static pressure contours show a rapid drop in pressure 
around the step edge reaching a minimum value of about Cp e -1.2 
in the region above x/h = 1.0. This compares well with a surface 
pressure coefficient of Cp = -1.11 at x/h 1.0. 
The. pressure then rises fairly slowly as the flow progresses 
downstream from the minimum value, the contours gradually straighten- 
ing out towards a reasonably constant pressure distribution across 
the flow. Beyond x/h =5 it would appear that the disc-static probe 
tends to underestimate the actual pressure. 
Far downstream, in the absence, of any tunnel blockage, the 
static pressures would eventually return to the upstream values. 
The pressure distribution in the region of the recirculating 
zone appears to be consistent with similar measurements behind a 
backward facing step. The general form of the pressure contours 
and the reasonable agreement with the surface pressure coefficients 
on the solid boundaries, imply that the disc-static probe gives a 
good qualitative impression of the static pressure variation in 
this flow. 
5.3.6 Summary of Experimental Study involving a Forward Facing Ste 
The experimental investigation concerning the flow over a 
forward facing step has demonstrated, yet again, the successful 
application of pulsed wire anemometry to highly turbulent flows. 
For the, first time, extensive measurements have provided a correct 
quantitative understanding of the two recirculating flow regions 
and the shear layers associated with this model. 
The distribution of streamlines (Plate 5.7) clearly shows the 
existence of a weak recirculating zone upstream of the step with a 
dividing streamline 0) which separates at x/h 6 -1.0 and 
reattaches somewhere above half way up the step face. More 
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significantly, a second recirculating region, separating at the step 
edge and reattaching about 4.5 step heights downstream, possessing 
a strong reversed flow has-been investigated in detail. The second 
separated zone has been shown to be qualitatively similar, in most 
respects, to the recirculating region downstream of a backward 
facing step., However, the present recirculating region is more 
shallow and the Reynolds stresses far greater, than for the case 
of backward facing steps. It is suggested that the difference in 
Reynolds stresses is mainly due to an increase in effective velocity 
difference across the shear layer from the previous case. Where 
possible, the data of Hillier (1976), (the only known work on the 
forward facing step) has been compared with the present measurements 
and reasonable qualitative agreement has been established. Evidence 
has again been found, concerning the variation of maximum stresses 
near reattachment, which would appear to support the suggestion of 
Bradshaw and Wong (1972) for the bifurcation of the shear layer at 
reattachment. 
In common with the backward facing step investigation, an 
attempt has been made here to compare the shear layer for the down- 
stream recirculation region with the plane mixing layer of Wygnanski 
and Fiedler. Reasonable agreement has again been found for mean 
velocity, turbulent intensity and turbulent shear stress, after 
adjusting the measured data for the effective velocity difference 
across the shear layer. 
Static pressure measurements were reported and, while 
acknowledging the uncertainty of disc-static probe data in turbulent 
flow conditions, these present a coherent picture of the pressure 
variation which agrees, near the solid boundaries, with the surface 
pressure coefficients. 
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5.4 TWO-DIMENSIONAL BLOCK 
5.4.1 General 
The turbulent flow. over a two-dimensional block provided the 
third, and final, subject of experimental study in the present research 
programme. Such a model is clearly more complex than both forward 
and backward facing steps, possessing either two or three separate 
regions of recirculating flow depending on the distance between the 
faces. However, it is also a particularly interesting bluff body 
as the two-dimensional block bears some relationship to a typical 
building geometry. Thus, in addition to providing some useful 
experimental data concerning basic recirculating flows, the 
results from this model are also of some direct benefit to the 
engineer involved in building aerodynamics. 
Plate 5.8 is a flow visualisation photograph which may be 
taken to illustrate the two-dimensional block. (The flow-visualisation' 
aspect will be discussed in the next section. ) It may be seen that 
the width of the block (in the streamwise direction) is twice the 
height, this being the same as for the previous two steps (76mm). 
As before, the model completely spans the wind tunnel, effectively 
producing a two-dimensional obstacle. In common with the forward 
facing step, the leading edge of the groundboard is wedge-shaped 
to cause the minimum possible flow disturbance. 
The position of pressure tappings along the model surface 
have previously been given in section 5.2.1. Fig. 5.1 provides a 
detail of the actual pressure tapping spacing-around the block section. 
The arrangement of the model in the wind tunnel is shown, 
diagrammatically, in Fig. 5.49. As usual, the reference pitot-static 
tube is positioned 45cm above the grcundboard and 55cm upstream of 
the leading face of the block. Attention should be drawn to the 
co-ordinate system, positive x-direction measured downstream from 
the rear face and negative x-direction. measured upstream from the 
front face. Another +ve x-direction, 'origin at the upstream face 
----... -- _ .... ._. _. -ý. ý- 
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of the block, is used for traverses along the top of the block. Such 
a system may appear awkward but inspection of all the figures show 
that there is no difficulty in interpreting the results. 
5.4.2 General Flow Behaviour 
Initial flow visualisation studies, involving helium bubbles, 
revealed the considerable longitudinal and vertical extent of the 
recirculating region downstream of the block. This preliminary 
investigation demonstrated that the existing groundboard length, 
downstream of the model, was insufficient to promote reattachment 
of the flow. Consequently, another sheet of perspex was joined to 
the trailing edge of the existing groundboard to provide an overall 
length of 18.5 step heights (Fig. 5.49). In addition, pressure 
tappings, at 50mm intervals, were drilled along the centre line 
of the new section. 
In common with the two previous studies, a qualitative 
investigation of the general flow behaviour was obtained using the 
helium bubble flow visualisation technique. Three photographs 
(plate 5.8) are presented for this model, the direction of flow 
being from right to left as before. 
Plate 5.8a, the short (1/60th sec) exposure photograph, 
indicates that separation-of flow occurs at the leading edge of the 
block. Reattachment obviously does not occur on the upper surface 
of the block, presumably as the distance between the block faces is 
not sufficient to permit this. Consequently, there is only one 
rcgion of recirculating flow downstream of separation. 
The curved shear layer appears to reach a height of about 
21 to 3 step heights above the downstream wall and reattachment may 
be seen to be at a considerable distance downstream. A very rough 
estimate, from this photograph, places reattachment at around 10 
step heights downstream of the rear face of the block. 
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Plate 5.8b is a medium (1/30th sec) exposure photograph and 
clearly shows the change in flow direction near reattachment. The 
shear layer separation and curvature are also shown by this photograph. 
Plate 5.8c is a long. (5 sec) exposure, mainly showing the 
turbulent nature of the flow in the recirculating region and down- 
stream of reattachment. Little other information is available from 
this photograph. 
Some workers have investigated the flow associated with a two- 
dimensional block previously; for example, Counihan (1971) has made 
experimental measurements (generally only relevant for the far wake), 
Hunt (1970) and Counihan et al (1974) have produced an analytical 
treatment for the flow and Vasili'c-Melling (1977) has attempted to 
predict the flow properties using a numerical method of analysis. 
Their results will be discussed later in this section, in the 
context of the present results. 
Consequently, the existing information together with the 
present flow visualisation studies are able to provide some idea of 
the expected general flow behaviour around a two-dimensional block. 
The oncoming flow, moving over tre upstream groundboard, forms 
a boundary layer which grows into the free stream, eventually develop- 
ing into a fully-developed turbulent layer, approximately 0.7h thick, 
some way upstream of the model. The flow decelerates as the model 
is approached and the surface (and static) pressures increase. 
This causes the formation of a recirculating region upstream of 
the front face, presumably similar to that already described for 
the forward facing step. The flow then separates at the top corner 
of the model, due to the sharp change in geometry (see section 5.2.3) 
and, in the present case, reattaches a considerable way downstream. 
A region of recirculating flow is enclosed beneath the curved shear 
layer linking the separation and reattachment points, fluid being 
entrained into the shear layer and de-entranined at the reattachment 
point as before. Downstream of reattachment, the flow may be expected 
to relax slowly, via the hybrid form-described by Chandrsuda (1975), 
towards the normal wall boundary layer state. 
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Such a recirculating region is particularly interesting as 
the long shear layer associated with it permits a more detailed 
comparison to be made with the plane mixing layer than that attempted 
for either of the previous two cases. 
5.4.3 Surface Pressure Measurements 
The surface pressure distribution from the leading edge to the 
trailing edge of the present model is shown in Fig. 5.50, measurements 
having been obtained for two values of Reynolds number, 4.104 and 105 
(based on model height). As expected for a sharp edged body, no 
variation with Reynolds number was observed. 
The upstream pressure distribution was found to be nearly 
identical to that for the forward facing step (Fig. 5.34), showing 
a steady increase in pressure from x/h = -5 to x/h = -1 as the flow 
close to the solid wall was decelerated. There is then a constant 
pressure zone to the base of the block followed by a rapid rise to 
0.6h on the leading face; this is the position of the upstream 
stagnation point. 'The pressure coefficient then drops rapidly as 
the flow separates over the block edge. From such a distribution 
it seems reasonable to conclude that the upstream recirculating 
region is almost identical to that of the forward facing step. 
Fig. 5.51 presents the pressure distribution, in detail, 
around the three faces of the block. The upstream face clearly 
shows the stagnation point at around 0.6h. The pressure on the 
top face is fairly constant at Cp a -. 9 until the downstream edge 
is reached when the pressure drops further. The pressure then rises 
slightly and remains constant at Cp = -. 8 down the back face of the 
block. This change in pressure may. be attributed to the change in 
tunnel cross-section. 
Further downstream, the pressure coefficient drops, reaching 
a minimum at around x/h =3 before rising, monotonically, as reattachment 
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is approached. The pressure distribution in this region is basically 
the same as for the previous two recirculating flows. 
Assuming that the maximum pressure rise overshoots reattachment 
it is suggested that the reattachment point is around x/h = 10. The 
maximum pressure occurs at x/h = 14 followed by a constant pressure 
distribution to the end of the groundboard. 
For this particular model, the pressure recovers to a value 
far nearer the upstream pressure than in either of the two previous 
cases. This is mainly due to the reduced blockage effect of the 
present model. 
It may therefore be concluded, that the recirculating region 
downstream of a two-dimensional block, although considerably longer 
than those associated with the previous studies, possesses the same 
pressure distribution and is therefore qualitatively of the same 
character as the previous recirculating flows. 
5.4.4 Mean Velocity and Reynolds Stress Measurements 
In common with experiments on the two previous models, the 
pulsed wire anemometer was used to extensively investigate the 
separated flow regions, supplemented by an X-array hot-wire 
anemometer for shear stress measurements. 
Traverses coincided with those of the forward facing step 
(section 5.3.4) starting at x/h - -5 and, in this case, continuing 
downstream until x/h = 16. The upstream boundary layer (at x/h - -5) 
profile is turbulent and of thickness, 6999 0.7h. 
Figs. 5.52,5.53,5.54 and 5.55 show the mean longitudinal 
velocity (U) distribution throughout the flow. Upstream of the block 
(Fig. 5.52) the velocity profiles are almost identical to those upstream 
of the forward facing step (Fig. 5.36). A region of recirculating flow 
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occurs upstream of the face, the dividing streamline being indicated 
on the diagram. Little attention will be given to this weak reversed 
flow in the following discussions. 
The flow separates at the. leading edge of the block (Fig. 5.53), 
the line of separation moving steadily outwards from the model. Above 
the block, the velocity profiles show considerable reversed velocities 
which reach a maximum value of about 0.3Uo. Downstream of the block 
(Fig. 5.54,5.55) the reversed flow region may be seen to extend to 
about x/h = 10, while the maximum height of the bubble reaches about 
2h from the solid boundary. The maximum reversed flow, between the 
block and the reattachment pointy just exceeds 0.3Uo, remaining at 
this value from about x/h =3 to x/h = 6. It is also apparent that 
the reversed flow over the top of the block merges with the major 
region of recirculation to form one large separated zone. Down- 
stream of reattachment, the velocity profiles indicate the usual 
slow return to normal wall boundary layer conditions. 
Figs. 5.56 and 5.57 show the vertical component of mean 
velocity (V) distribution. The profiles upstream of the block 
clearly show the division of flow at the stagnation point, whereby 
some of the fluid is deflected downwards into the recirculating 
region. Close to the step, most of the flow is directed upwards 
at a considerable velocity which reaches a maximum value of 0.7uo. 
Downstream of the leading edge of the block, the profiles 
present the typical flow directions. associated with a recirculating 
flow. The flow moves outwards from the wall for the first three 
step heights downstream of the block, before reversing as the flow 
curves towards reattachment. Far downstream the vertical component 
of velocity becomes insignificant. 
The measurements of mean longitudinal velocity agree qualita- 
tively with the measurements of Durst and Rastogi (1977) who used a 
laser anemometer for their experiments. Using a two-dimensional 
block of square cross-section (w - h), they established that 
separation occurred at the upstream corner of the block and 
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reattachment at eight block heights downstream. However, the height 
of the block accounted for half the-flow depth and this will. obviously 
have a considerable effect on the. recirculating region by compressing 
the bubble. 
Counihan (1971) also reported some velocity measurements (in 
the form of perturbation velocities) downstream of a square section 
block. His use of a hot-wire is questionable in the near wake region 
and the magnitude of the reversed velocities do seem to be somewhat 
underestimated by comparison with the present results. A major 
difference between Counihan's experiment and the present one 
concerns the thickness of the upstream turbulent boundary layer, 
which was eight times as high as the block in Counihan's experiment 
compared to less than a step height in the present case. 
Counihan, Hunt and Jackson (1974) have suggested, from 
theoretical and experimental considerations, that the maximum 
reduction in wind velocity is proportional to (x/h)-1, where x is 
the distance downstream from a building and h is the building height. 
This relationship has been tested here by estimating the maximum 
perturbation velocity as the difference between the fully developed 
turbulent boundary layer (at x/h a -5, Fig. 5.52) and the velocity 
profile at each station downstream of the block. Fig. 5.58 presents 
the variation of this maximum perturbation velocity against distance 
downstream. 'However, it`is. not possible to check adequately 
their (x/h)-1 hypothesis for the near wake zone. They 
predicted that the vertical displacement of the maximum velocity 
deficit is approximately proportional to (x/h)!. This variation, 
using the present results, has also been shown in Fig. 5.58 but 
clearly, for the near wake region at least, it is not possible to 
substantiate the relationship. Consequently, it may be assumed that 
the relationships suggested by Counihan et al are valid only for the 
far wake region, downstream of reattachment. 
Hunt (1970) has produced a simple formula for the calculation 
of maximum velocity deficit (Umar), (i. e. max. perturbation. velocity) 
at a distance x from the rear of a two-dimensional. building: 
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Umax -4.0 
U(h) (x/h) 
where U(h) is the mean velocity in the boundary layer at the top of 
the building. 
The line of the above equation is shown on Fig. 5.58 and may 
be seen to underestimate the actual maximum velocity deficit. However, 
in his paper, Hunt mentions that the relationship was only tested for 
one boundary layer/building height ratio of d/h - 8, far greater than 
that for the present work (d/h = 0.7). Clearly, this may explain the 
significant difference between his curve and the present results. 
It would appear, then, that although the maximum velocity 
deficit is proportional to (x/h)-1, agreement does not exist, in 
general, between the theories of Counihan et al and Hunt and the 
experimental measurements reported here. However, the theories 
assume that h «, ö (i. e. thick boundary layer conditions) which 
could explain the disagreement with the present results. In addition, 
it is most probable that such relationships are only intended to be 
valid for the far wake region and consequently, it may have been 
unfair to attempt a comparison, using the near wake results reported 
here, in the first place. 
Using the present mean longitudinal velocity (U) results, 
(Figs. 5.52,5.53,5.54,5.55), mean streamlines of the flow were 
calculated for x/h = -5 to x/h - 12. These are shown on Plate 5.9. 
The upstream recirculating region may be seen to be almost identical 
to that in front of the forward facing step. The dividing streamline 
(ý - 0) from the separation point on the upstream corner of the block 
to the reattachment point at x/h = 10 encloses an extensive recircula- 
ting region. The total reverse flow per unit width in this region is 
approximately 0.25Uoh, considerably greater than that found in the 
bubbles of the backward facing and forward facing steps. In. addition, 
a weak secondary recirculation is. shown in the downstream corner of 
the block, the flow moving in the opposite direction from that in 
the main bubble. 
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Figs. 5.59 to 5.66 show the distributions of turbulence 
intensity components u2, v2 and 7, and turbulent shear stress -üv 
respectively, from x/h ="-5 to x/h = 12, for the two-dimensional 
block. The dividing streamline marking the boundary of the down- 
stream, major, recirculating flow is shown on each diagram. - 
The distribution of all the quantities are not significantly 
different-from those already reported (sections 5.2.7,5.3.4) for the 
backward and forward facing steps. The maximum values of all the 
stresses increase with distance downstream from separation and appear 
to remain at a fairly constant value over a considerable distance from 
about x/h =3 to x/h = 8. Following reattachment the maximum values 
again decrease, although the measurements are not carried far enough 
downstream to investigate the return to normal boundary layer conditions. 
In common with the two previous cases, the position of maximum stress 
occurs very near to the dividing streamline over most of the near 
wake region, deviating outwards from it at around x/h = 8. The 
results also show the typical relationship between the turbulent 
intensities, the longitudinal (u2) component being the largest in 
the mixing layer and the vertical (v2) component the least. 
It is interesting to note that the turbulence quantities do 
not show any particularly sudden decrease in magnitude following 
reattachment in contrast to the previous results for the backward 
and forward facing steps. Consequently, it would appear that, for 
this case at least, the results do not confirm Bradshaw and Wong's 
suggestion that the shear layer bifurcates at reattachment, which 
depends on a sudden change of Reynolds stress. However, no 
alternative suggestion is proposed here and this will therefore 
remain a subject for further study. 
The maximum values of all stresses are slightly greater 
than those reported for the forward facing step case. For example, 
the maximum longitudinal turbulence intensity is around 0.12 in the 
present case as against 0.11 for the forward facing step. In. addition, 
the turbulent shear stress reaches -. 036Uä compared to a value around 
-0.03Uä in the previous case. Thase slightly greater stresses may, 
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to some extent, be accounted for. by the slight increase in effective 
velocity difference across the shear layer in the case of the two- 
dimensional block. 
Counihan (1971) presented contours of turbulence intensity 
downstream of a square-section two-dimensional block. For all three 
components of turbulence, his results are considerably lower than 
those reported here. For example, his contours indicate a maximum 
longitudinal intensity (V/Uo ) of about 20% as against 30% 
measured here. In addition, the contours show that the position 
of maximum stress, in all cases, occurs close to the block, in 
contrast to the present work which indicates that all the stresses 
increase with downstream distance until reattachment. Such 
discrepancies may well be due to Counihan's use of hot-wire 
anemometry. 
No attempt has been made here to compare the variation of 
maximum turbulence intensity with downstream distance using the 
formulae suggested by Hunt (1970). It is felt that any comparison 
is not useful following poor agreement for the mean velocity variation 
in the near wake. 
Figs. 5.67 and 5.68 present the distribution of turbulent 
kinetic energy for the two-dimensional block, calculated by summation 
of the three components of turbulence intensity. The kinetic energy, 
everywhere, may be seen to be of a similar magnitude to that reported 
for the forward facing step and considerably greater than that for 
the, backward facing step. As expected, the position of maximum 
energy coincides, for much of the recirculating region, with the 
dividing streamline, deviating only at around x/h m 8.0. The peak 
value of turbulent kinetic energy, . 12Uö , occurs close to t:: e 
position of reattachment. 
Durst and Rastogi (1977) have presented kinetic energy profiles, 
calculated as 1.572, in their paper. These results have been obtained 
using a laser anemometer which is suitable for highly turbulent, 
reversed flows. However, the maximum values of turbulent kinetic 
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energy downstream of the block are. of the order of 0.4Uä, considerably 
greater than the present. results. '. Even allowing for an overestimation 
of turbulent energy arising from the assumption that this quantity is 
equal to 1.572, the difference is still too, large tobe accounted for 
by experimental variations. 
The results have shown that, in general, the major recirculating 
region associated with a two-dimensional block displays very similar 
characteristics to those regions already studied for the backward 
and forward facing steps. In particular the maximum Reynolds 
stresses occur close to the dividing streamline for much of 
the near wake region, a feature recognised previously. 
t 
Consequently, a comparison between the present shear layer 
and the plane mixing layer may again prove useful. This has been 
carried out precisely as before, the data from the plane mixing 
layer being obtained from Wygnanski and Fiedler (1969). 
Figs. 5.69,5.70,5.71 and 5.72 show comparisons cf mean 
longitudinal velocity (U), turbulence intensity (u2 and v2), and 
turbulent shear stress (-uv with data from the plane mixing layer. 
The considerable length of the shear layer associated with the two- 
dimensional block permitted comparisons to be made at a large number 
of traverses downstream of the separation point; these are x/h 1, 
2,3,4,5,6,7,8,9,10,11 and 12. 
The variation of the quantities is identical to that already 
reported (sections 5.2.7,5.3.4) with good agreement for the mean 
velocities over much of the shear layer but poor agreement for the 
Reynolds stresses. Again the results have been modified to account 
for the effective velocity difference, which in this case waa chosen 
to be 1.35UE as the reversed velocity was slightly greater than that 
measured for the forward facing step. 
Dividing the maximum values of turbulent intensity by the 
effective velocity, reduces the longitudinal turbulent intensity 
from 0.26UE to 0.19UE which may be compared to 0. '18UE for the plane 
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mixing layer. For the lateral component the reduction is from 0.2UE 
to 0.14UE which agrees well with the value, 0.14U, of Wygnanski et 
al. There is similar good agreement for the turbulent shear stress. 
In addition, the profiles of all the turbulence quantities are in 
good agreement, for the high-velocity sides only, with the profiles 
of Wygnanski and Fiedler. 
Thus, such good agreement again confirms the relationship 
between the shear layer originating from a bluff body and a plane 
mixing layer,, between a free stream and still air. Such a relation- 
ship has been used, in the following chapter, to permit the develop- 
ment of a simple analytical treatment for recirculating flows. 
5.4.5 Static Pressure Measurements b 
The final set of measurements taken using the two-dimensional 
block involved static pressures, investigated with the disc-static 
probe (section 4.3). The problems associated with static pressure 
measurements in turbulent flows have been discussed previously. 
Fig. 5.73 presents the static pressure contours for the 
flow, between x/h = -6 and x/h = 10, around the two-dimensional 
block. The scale is reduced by a factor of 2 in the horizontal 
direction. The dividing streamline (calculated from the mean 
longitudinal velocity profiles - Figs. 5.52,5.53,5.54,5.55) 
is shown on the diagram together with values of the surface 
pressure measured directly via the model pressure tappings. 
Upstream of the block, the static pressure contours follow 
the same profiles as that previously reported for the forward facing 
step, with an increase in pressure towards the block corner. Compar- 
ison of these pressures with the surface pressures indicate remark- 
ably good agreement for the region along the solid boundary up to 
the block face. Along the face itself, the surface pressures are 
slightly higher than those measured by the disc-static probe. 
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The contours show a rapid drop in pressure as the flow moves 
over the block, the pressure readings again being slightly less than 
the comparable surface pressure measurements. Downstream of separation, 
the contours form closed loops with the solid boundary and indicate 
a low pressure region somewhere above the centre of the recirculating 
zone. Similar features have been recognised in the recirculating 
zones of the two previous models. The minimum pressure in the 
region behind the two-dimensional block is around Cp a -1.0. 
Downstream of the block, the static pressure contours agree 
well, where they meet the solid boundary, with the surface pressure 
measurements. It is to be expected that far downstream of reattach- 
ment the pressure contours will be reasonably constant across the 
tunnel section, and the coefficients of the same value as that 
upstream of the block. 
The pressure distributions in the recirculating regions appear 
similar, in general, to those previously reported for the backward and 
forward facing steps. In addition, very good agreement has again been 
noted between the surface pressures and static pressure contours where 
a comparison may be made (i. e. on the solid boundaries). It may 
therefore be concluded that, in the absence of any alternative 
pressure measuring devices, the disc-static probe gives a good 
qualitative impression of the static pressure distribution in 
separated flows. 
5.4.6 Summary of Experimental Study involving a Two-Dimensional Block 
The results which have been presented for the flow associated 
with a two-dimensional block (w a 2h) have again demonstrated the 
suitability of the pulsed wire anemometer in highly turbulent regions. 
The measurements presented in this section have provided quantitative 
information for an extensive recirculating region, probably for the 
first time and are consequently of. considerable interest. 
The general behaviour of the flow, indicated by the stream- 
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line distributions (Plate 5.9), is of a weak recirculating region, 
(similar to that observed upstream of a, forward facing step), 
upstream of the block and an extensive recirculating zone down- 
stream of the block which merges with the reversed flow over the 
top. The larger bubble has been found to be significantly stronger 
than those previously observed for the backward and forward facing 
steps. It is known that if the block width is greater, reattachment 
may occur on the top surface and the overall flow will then contain 
three separated flow regions. 
Although far more extensive measurements were required in 
this case compared with the two previous models, the particular 
interest in the two-dimensional block is that it bears a striking 
similarity to a simple building which, in this case, is subjected 
to a fairly thin boundary layer. It is therefore to be expected 
that the flow is not significantly different from that associated 
with certain true structures in the atmosphere. 
Qualitative agreement has been obtained between the present 
results and those of other workers, where this has been possible. 
However, use of a laser anemometer by Durst and Rastogi has produced 
significantly different results from those measured here; this may 
be due to either a simple error in their presentation or "- 
measurement errors with their instrument. Counihan's use of a 
hot-wire for his experiments is also questionable and may account 
for his underestimation of turbulence intensity downstream of a 
two-dimensional block. 
A number of suggestions have been made by Counihan et al and 
Hunt concerning the variation of mean velocity and turbulence intensity 
downstream of a two-dimensional block. With the exception of mean 
velocities, confirmation of their theories have not been established 
here, using the present data. It is possible that the relatively 
thin boundary layer in the present case, (compared to their experi- 
ments and theories utilising a thick boundary layer), may have had 
some effect but it is more probable that the assumptions made by 
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these workers restrict the validity of their theories to. regions 
downstream of the near wake. 
No sudden change in turbulent stresses near to reattachment 
has been noticed for this model and, consequently, this may cast some 
doubt on the suggestion of Bradshaw and Wong concerning the bifurcation 
of the shear layer at reattachment. However, further investigations 
are required on this subject before any firm conclusions may be 
drawn. 
In general, the properties of the large recirculating region 
associated with a two-dimensional. block have been seen to be qualita- 
tively similar to those regions previously investigated for the other 
two models. Consequently, a comparison has again been attempted 
between the present curved shear layer and the two-dimensional 
plane mixing layer. As usual a worthwhile comparison has been 
established, after accounting for the effective velocity difference 
across the shear layer. This confirms the relationship between the 
two shear layers and permits the development of a simple analytical 
treatment for the flow. This will be discussed in the following 
chapter. 
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CHAPTER 6: THEORETICAL STUDY 
6.1. INTRODUCTION 
This chapter deals with two theoretical approaches which have 
been used in the present study for the investigation of the turbulent 
recirculating flow associated with fundamental bluff bodies. The 
experimental results, presented in the previous chapter, have 
permitted, to a considerable extent, both the development and 
testing of these theoretical methods. 
The first theoretical study which is described here concerns 
the development of a simplified analytical treatment which is concerned 
solely with the important near wake region, of particular interest in 
the present work. Similar analytical methods have been reviewed in 
section 2.3.1, where it was concluded that, although some of these 
methods are highly complex (for example, Hunt 1970) they have, in 
general, only limited applicability. However, in the absence of 
any alternative, conclusively valid, methods of analysis, and 
bearing in mind the very approximate solutions which could be 
of interest to, say, civil engineers involved in building aero- 
dynamics, a very simplified analysis of the kind attempted here 
may still be of great value. The analytical treatment proposed 
here, similar to that suggested by Mueller et al (1964), is based 
on a flow model in which the separated, curved shear layer is assumed 
to behave like the well-documented two-dimensional plane mixing layer. 
The relationship between the two types of shear layer has been establi- 
shed from the experimental data (Chapter 5). 
The second theoretical study involves the modification and 
subsequent use of a current, commercially available computer program 
incorporating a two-equation model of turbulence. (The program and 
modifications to it have been discussed in detail in Chapter 3. ) 
Such methods, dependent on numerical. methods of analysis, require 
the use of large computers and have, consequently, only in recent 
.I.. `1.85" 
years been developed to handle complex turbulent flows. It has been 
suggested (Launder and Spalding, 1972b) that within the next decade, 
mathematical models of turbulent flow will have largely displaced 
experiments of the physical kind. However, the use of such methods 
for recirculating flows has, so far, only met with limited success. 
Predictions are presented, using. the program, for the backward 
facing step geometry only. Limitations of time and the considerable 
complications inherent in these methods prevented further application 
for the other two models studied in this thesis. 
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6.2 DEVELOPMENT OF A SIMPLIFIED ANALYTICAL TREATMENT 
It is apparent that there are two complimentary approaches 
(other than the accumulation of previous data) for investigating bluff 
body flows. The experimental approach, requiring sophisticated 
instrumentation and a great deal of time, and the theoretical 
approach embodying the equations of motion. The latter, augmented 
by some mathematical model of turbulence, may serve as the basis 
for computer programs which, at present, are limited to the solution 
of a handful of fundamental, two-dimensional, separated flows and 
tend to be costly in terms of computing time. However, for many 
engineering purposes (and especially those of the civil engineer) 
a simple relationship describing some general features of the flow, 
even if only offering an extremely approximate suggestion, could be 
of great value. It may in fact be pointed out that, as a result of 
the highly complex nature of bluff body flows, the civil engineer 
who requires to enter this field of study would greatly welcome 
some simplified analysis. 
For this reason a simple relationship between pressure, 
reattachment length and velocity difference across the free shear 
layer in a recirculating flow is proposed and subsequently tested. 
Consider a typical bluff body: 
where P. »> d, effectively making the problem two-dimensional; the 
flow over a typical section may be shown as: 
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where, h is the height of the structure 
R is the distance between the separation and reattachment points 
s is the separation point 
r is the reattachment point 
H is the maximum height of the dividing streamline above the 
datum line 
Uo"is the approaching (reference) velocity 
- --- is the dividing streamline (gyp = 0) 
and - --encloses the area of analysis 
In addition, for most flows of interest, R>H. 
Writing the time-averaged, x-momentum Navier-Stokes equation 
for turbulent fluid flow, (see section 3.2 for derivation): 
uau + vau m _1aP 
acv - au-2+v a2u+a2u ax ay p ax ay ax ax2 ay2 
and integrating over the area (A) bounded by the streamline (ý p 0) 
(i. e. the boundaries of'the solid surface between s and r, on the 
one hand, and the dividing streamline on the other); then, 
considering the L. H. S. of. (6.1): 
.. (6.1) 
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L. H. S. 
.a 
([1U! u: + vu] dx dy 
A ax ay 
now, a (vu) :-v at +u av 
ay By By 
thus, L. H. S. u au + a(UV). - U aV dx dy 
A ax ay ay 
by continuity au + aV 0 
ax ay 
thus, L. H. S. - fI'12u au + a(UV) dx dy 
A ax ay 
a(U2) + a(UV) dx dy 
A 
ax ay 
BY-Green's Theorem 
.. (6.2) 
.. (6.3) 
(6.4) 
r 
.. (6.5) 
3(U2) + a(UV) dx dy m 
JUdY 
- 
f1dx 
.. (6.6{ 
A ax 8y cc 
where the subscript c indicates an integration around the boundary y-0 
Thus, L. H. S. a 
fu 
(U dy -. V dx) (6.74 
C 
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Considering a short section of the boundary: 
V dx -U dy = U. ds ,.. 
(6.8) 
Substituting (6.8) into (6.7): 
L. H. S. U UU ds .. (6.9) 
but, Un =0 
therefore, 
"when 
integrating around a closed streamline the L. H. S. = 0. 
Thus, in equation (6.1), integrating over area A, 
1 aP - auv - aü + 
(; 2U + 32U dx d0.. y= (6.10) 
A-La 
ax By ax ax2 ay2 
The last term in equation (6.10) may be neglected as the 
laminar shear stress is small when compared to the turbulent shear 
stress in recirculating flows. In addition, the present measurements 
indicate that: 
a TV u 
ay ax 
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Thus, 1 aP - 3a v-] dy 0 
p ax A 
ay 
By Green's Theorem. 
=' aP - ff ''a puv dx dy 
fP 
dy 
jcv 
dx 0 
ax a y A c c 
r r 
.. (6.11) 
Thus, iP dy ! P4x .. (6.12) 
where, as before, subscript c refers to integration around the boundary 
of a closed streamline. 
dC 
Y 
ab 
x 
Thus, integrating equation (6.11) around the closed lines abcd, 
acbd 
fP 
dy +%P dy mr puv dx +f pdx 
ýJ 
Jc 
b 
By comparison with Fig. Al 
fpÜV 
dx corresponds to the 
shear force on the solid surface. This term is small (Tani et al, 
1961) compared to the shear force along the dividing streamline and 
may therefore be neglected. 
Thus, cdc 
fP 
dy -fP dy =- 
fpv 
dx .. (6.13) 
bad 
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In terms of the area of interest in Fig. A, equation (6.13) 
may be. rewritten: 
YYX. 
fp * dy -f P* dy ._-f püv 
*, dx .. (6.14) 
0 x=X 
° x=0 ° y=Y 
The * indicates that the pressure and shear stress measurements are 
taken along the dividing streamline and then resolved along the lines 
x=0, X and y=Y (Fig. A). 
Equation (6.14) may be written as: 
YYx 
E (Px) 
Y 
dy -E (Po)y dy -E (puv)X dx .. (6.15) 
0.0 0 
where, Px is a pressure from the dividing streamline resolved 
onto line 1 (x = X) 
and Po is a pressure from the dividing streamline resolved 
onto line 0 (x = 0) 
Thus, yx 
E (PX - P0)y dy -E (ptýv)X dx 
00 
2 
Dividing both sides of equation (6.16) by 
.1 
pU° 
2 
where U° is the free stream (reference) velocity; 
Yx 
,; "(Px"-"Po)y dy -"2uv'dx 
°12° U2 
2 PU° 0 
.. (6.16) 
.. (6.17) 
The term on the left hand side. of the equation is equivalent 
to a coefficient of pressure, say, Cpxo. 
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Thus, YX 
E (CPxo)Y dy aE -= dX 
00' 
Uo 
Dividing both sides by H, the maximum height of the recirculating 
region (Fig. ' A), equation (6.18) may be rewritten: " 
C -' '2uv R Pxo 2 
Uo H 
where R is the overall length of the recirculating region 
and - indicates an average value. 
rXO 
CpXO CPx Cp0 
NN 
where CpX Px - Ps 
2 
pU0 
Cpo PO - Ps 
2 2 
pUo 
and P. is some reference static pressure. 
.. (6.18) 
.. (6.19) 
.. (6.20) 
The present study has shown that it is possible to draw a 
comparison between the shear layer bounding a region of recirculating 
flow and the plane two-dimensional mixing layer which has received 
considerable attention in the past (Champagne et al, 1976; Wygnanski 
et al, 1969). Wygnanski and Fiedler have found that, for the plane 
mixing layer: 
pvmox - 0.01 p Uö .. (6.21) 
where Uo is the free stream velocity and also the velocity difference 
across the mixing layer (between a free stream and still air) 
Cpyn may also be expressed as: 
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For the shear layer bounding a recirculating flow, the velocity 
difference is not the free stream velocity, Uo, but the sum of the 
forward and reversed velocities (see below). In this analysis it 
seems plausible to relate the shear stress to this total velocity 
difference. 
aUo 
Uo 
i 
bUo 
Furthermore, Bradshaw and Wong (1972), Moss et al (1977) and 
the present study have shown that the line of maximum shear stress 
(-puvmax) coincides, for the most part, with the dividing streamline 
(ý - 0). Consequently, it seems reasonable to assume, to a first 
approximation, that the average force per unit length on the 
dividing streamline is: 
- 0.01 P eff .. (6.22) 
where Ueff is the velocity difference across the shear layer. 
Ueff (a + b) Uo 
Let a+bak 
therefore, 
(püv) --0.01 p k2Uö 
div-* . ding 
streamline 
Thus, in equation (6.19) 
Cpxo + 0.02 k2R 
H 
.. (6.23) 
.. (6.24) 
.. (6.25) 
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yNN 
and cC-C pxo Px PO 
where, for clarity, (Fig. A) 
Cpx is the average coefficient of pressure on the dividing 
-streamline resolved onto line 1 (x - X) 
CPO is the average coefficient of pressure on the dividing 
streamline resolved onto line 0 (x. = 0) 
k is a factor to express the maximum, effective velocity 
difference across the shear layer 
R is-the distance from the separation point to the 
reattachment point 
and H is the maximum height of the recirculating region 
6.2.1 Comparison of Analysis with Experiment 
The simple relationship (equation 6.25) which has been derived 
in the previous section is now tested here with reference to the three 
steps used in the present research work. In all cases it is the 
intention to calculate the value of R (the distance between the 
separation point and the reattachment point) and to compare this 
result with the experimental measurement. It must be emphasised 
NN 
that the calculation requires the values of Cpx and Cpo (defined 
in section 6.2), these being measured with the disc-static probe. 
The approximate nature of these measurements must be acknowledged 
(sections 4.3,5.2.8,5.3.5 and 5.4.5). 
., y 
Case 1. Backward Facing Step 
Uo 
Y 
S 29v 
h_H 0_.: 2U-ýý, 1 
r 
R 
To calculate R from measured values of pressure and velocity: 
CpX - . 03 
CPO _ Cpb . 16 (surface pressure measurement) 
a 0.9 
b=-0.2 
k 1.1 
Thus, in equation (6.25): 
Ra+ : 13 
= 5.372 
H . 02 
For this case H-h, the height of the step 
Thus, 'R"'''_'**5.372 h 
For comparison, experimental measurements'give reattachment at 5.5h. 
............ ....................... 
* Disc-static probe measurements along the dividing streamline 
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Case 2 .' Forward Facing Step 
Up 
ý. . 
.y 
1.3Uo 
H0 
. 2Un 
-j 
i 
$ 
h 
R 
To calculate R from measured values of pressure and velocity: 
CpX . 75* 
CPO - 1.0 
a 1.3 
b=- .2 
k=1.5 
Thus, in equation (6.25) 
R=.... +.. 25 
= 5.56 
H . 02 (1.5)2 
For this case H 0.8h 
Thus, "R.... '. '4.5h 
For comparison, experimental measurements give reattacrment at 4.7h. 
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Case 3: Two-Dimensional Block 
Uo 
1-2U6 
ý\1 
h0 "3U0 
"r 
R 
To calculate R from measured values of pressure and velocity: 
Cpx - .6 
4Cpo .9 
a 1.2 
H 
b- .3 
k=1.5 
Thus, in equation (6.25) 
R ......: 3. 
a 6.7 
H 02 (1.5) 
For this case H=1.8h 
Thus, ".. ." a-"' 12.0h 
For comparison, experimental measurements give reattachment at 12.0h. 
19ý, ý 
These three examples have demonstrated the use of equation (6.25) 
which links the pressure difference to the velocity difference across 
the shear layer. The approximate nature of the relationship must be 
acknowledged, however, especially as the plane mixing layer comparison 
is only truly valid on the. high speed side of the dividing streamline. 
Furthermore, the expression requires the measurement of the pressure 
difference along the dividing streamline, the pressures then being 
resolved onto lines 0 and 1 (Fig. A). This pressure difference is 
small, in general, and an error here can lead to a highly erroneous 
result. 
Nevertheless, the relation appears to be correct and may, 
in certain circumstances, be used in the estimation of the base 
"N 
pressure coefficient (Cpb) when sufficient information in the form 
of maximum and minimum velocities, reattachment distance and height 
of separation zone are supplied. 
It is hoped that, for the civil engineer concerned with wind 
loading on structures, this simple treatment could, if used as the 
basis for further research, provide a better starting point for 
design problems than reliance on wholly empirical data, currently 
his main source of information. 
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6.3 PREDICTIONS OF TURBULENT'FLOW USING A'NUMERICAL NETFIOD OF ANALYSIS 
In contrast to the simplified analytical approach (section 6.2) 
which involves a relationship for only a few. of the main features of 
the near wake region, the use of numerical techniques of analysis 
provide detailed quantitative information of velocity, turbulent 
energy, pressure and other variables over the entire flow domain. 
Unfortunately, the complications encountered when using such methods 
are considerable and, in many cases, the accuracy of the predictions 
questionable. 
In this thesis, use has been made of a recently developed 
computer program which solves, numerically, the governing flow 
equations together with a mathematical model of turbulence. This 
model is of the two-equation category (k-e) and is the simplest 
suitable for elliptic flows, which include those treated here. 
Full details of the program, the equations and the turbulence 
model are given in Chapter 3. Considerable modifications were 
required to develop the basic program into a form suitable for 
treating the backward facing step (see Appendix 8). These included 
enlarging the grid and adjusting the equations which involved the 
boundaries of the flow. A number of serious numerical problems 
were encountered while making these modifications and these have 
also been discussed in section 3.5. 
Successful use of the modified program was achieved after 
considerable effort, a converged solution being obtained with 200 
complete iterations. The program was in fact run for 800 iterations 
to ensure that divergence did not occur at a later stage. (Such 
divergence after an apparently converged solution has been previously 
noted for a similar program by Mathews, 1976. ) An extensive volume 
of data was output from the program which is not reproduced in full 
here; the use of the modification presented in Appendix 8 together 
with the basic "Champion" program, would enable the reader to run 
the program for his own satisfaction. It was felt that the most 
convenient method of displaying the-predictions was to superimpose 
them upon the existing experimental data derived from pulsed wire 
measurements (Chapter 5). 
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6.3.1 The Grid and Boundary Specifications for the Backward 
Facing Step 
A rectangular grid was constructed to include the region from 
five step heights upstream to twelve step heights downstream of the 
step (-5 < x/h < 12). The ratio of flow width (upstream) to step 
heights was designed to be 10: 1 in accordance with the experimental 
situation (Fig. 5.2). The spacing of the grid lines was such that 
they were highly concentrated in the region close to the step and 
the separated shear layer. The distribution of grid lines for the 
backward facing step between -2 < x/h < 3.5 and 0< x/h < 4.5 is 
shown in Fig. 6.2. Such a grid, established largely by trial and 
error methods, satisfies the suggestion of Castro (1977b) for a 
very fine mesh in the critical regions and a coarser mesh elsewhere. 
This goes some way towards minimising the numerical errors. 
Values of U, k and c were specified for the inlet plane 
(x/h - -5) of the flow domain. The mean velocities, taken from hot- 
wire measurements at the same plane of the experimental model, present 
the profile of a fully developed turbulent boundary layer, 0.7h in 
thickness, with uniform flow outside. Data for the turbulent kinetic 
energy and turbulent energy dissipation across the boundary layer was 
obtained from Klebanoff (1955). 
The values of all other boundary conditions, (i. e. walls, 
outlet plane, symmetry plane), are as given in section 3.4.5. 
6.3.2 Surface Pressure Predictions 
The program predicted static pressures throughout the flow 
domain and those pressures closest to the solid boundaries are 
assumed to be equal to the surface static pressures. The pressures 
were converted into the normal coefficient form by dividing by: 
12 PE 
2 
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where pa is the density of air 
and Uo is the mean longitudinal velocity at the reference point 
of the flow. 
Fig. 5.4 shows the distributions of both experimental and 
predicted surface pressures for the entire length of the backward 
facing step model. Good quantitative agreement may be seen over 
the upstream portion of the model and along the step face. Downstream - 
of the step, the pressure drop and subsequent recovery both occur slightly 
earlier in the case of the predicted data. Following the position of 
maximum pressure, around x/h = 7, the predicted pressures fall off 
less rapidly than the experimental ones. This distribution clearly 
shows that reattachment is predicted earlier by the computer program 
than it should be. 
6.3.3 Mean Velocity Predictions 
Fig. 5.10 shows the variation of mean longitudinal velocity (U) 
at x/h = -2 and Fig. 5.11 the variation over the region 0< x/h < 10 
downstream of the backward facing step. The scale of Fig. 5.11 
prevents, a detailed comparison being made between predicted and 
experimental results so, consequently, two diagrams at x/h = 3, 
and 9, have been drawn at a much enlarged scale (Figs. 5.8,5.9). 
The predicted mean velocity clearly reproduces the main features 
of the flow, including the acceleration close to the wall as the step 
is approached (by inspection of the computer printout) and a region 
of recirculating flow behind the step. Good quantitative agreement 
between experimental and predicted results has again been obtained 
over the entire flow domain and evidence of this may be seen in 
Figs. 5.8 and 5.9 at x/h -3 and 9. The maximum reversed velocity 
predicted by the program is -0.23Uo which agrees well with the 
experimental value. 
202. 
As in the application of similar programs by Pope and Whitelaw 
(1976) and Vasilic-Melling (1977) the distance to reattachment has 
been slightly underestimated. Inspection of the predictions 
revealed that reattachment occurred around 4.9h after 400 iterations 
and around 4.5h after 800, the measured value being of the order of 
5.3h. This is certainly-not as serious a discrepancy as noted by 
the workers above, although Vasilic-Melling's results refer to a 
two-dimensional block where the errors may well become more 
significant due to the increased length of the separation zone. 
Fig. 5.12 compares the predicted vertical mean velocities (V) 
with the experimental values. Good agreement may again be seen for 
the entire region downstream of the step, more detailed comparisons 
being shown in Figs. 5.13 and 5.14 for x/h -3 and 7. It is 
interesting to note that, while good agreement is displayed 
within the highly turbulent recirculating and relaxing regions, 
the theoretical and experimental results diverge in the free 
stream, the experimental measurements quickly returning to zero 
while the predicted ones remain at a constant value. It is possible 
that the experimental data may be in error as the strong longitudinal 
velocity in the free stream may convect away the heat pulse (when 
using the pulsed wire anemometer) at such a rate that the vertical 
velocity component is not registered, (i. e. the direction of flow 
is outside the yaw response of the instrument). 
6.3.4 Turbulence Energy Predictions 
Turbulence kinetic energy predictions are supplied by the 
'Champion' program and have been presented in Fig. 5.26 along with 
the experimental values. 
The results clearly display good qualitative agreement 
between the two sets of data. The position of the predicted peak 
turbulent energy is slightly displaced from the measured peak over 
the shear layer, and, for most of the flow, the predicted turbulent 
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energy underestimates the measured value. Castro (1977b) has shown 
that the turbulence quantities are dependent, to a far greater 
extent than mean velocity, on mesh spacing in the calculation grid 
and, although the mesh was carefully chosen. here, this may have 
led to the above discrepancies. Vasilic-Melling (1977) noted 
that both predicted mean-velocity and turbulence energy were- 
underpredicted for the two-dimensional block and attributed 
this to the displacement of the predicted shear layer below the 
experimental one. This error appears to have occurred here, although 
not too such an extent, the locations of the peak predicted energy 
falling below the locations of the measured peaks. 
However, discrepancies may not only be due to errors in the 
theoretical predictions. The experimental values have been calculated 
by summation of the three individually measured turbulence intensity 
components and separate, small, errors may have been compounded to 
some extent. Consequently, it is difficult here to attribute the 
discrepancies to either the experimental or the predicted data. 
Using a more complex turbulence model which solves for each of 
the Reynolds stress instead of the turbulent kinetic energy would 
permit direct comparisons with the measured values of turbulence 
intensity to be made. This may indicate the source of the above 
discrepancies. 
\ 
6.3.5 Static Pressure Predictions. 
The final comparison which may be made between predicted and 
experimental data concerns the static pressures throughout the flow 
domain. This is particularly interesting as the difficulties of 
making static pressure measurements in turbulent flows are well 
known and consequently, the accuracy of the present measurements, 
using a disc-static probe, are questionable. The sets of data 
are shown on separate diagrams drawn to the same scale for 
comparison, Fig. 5.32 for experimental and Fig. 6.1 for predicted 
data. All of the data has-been reduced to coefficient form in 
the normal way. 
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Comparison of the two diagrams'show surprisingly good 
qualitative agreement, with a low-pressure region within the 
recirculating zone. (The dividing streamline is shown on both 
diagrams. ) Downstream of the low pressure zone, the pressure 
contours indicate a more constant distribution right across the 
flow. 
The predicted values tend to be lower than the measured ones; 
for example, the minimum pressure is -. 15 compared to -. 19 measured 
with the disc-static probe. As with the turbulent energy data, it 
is difficult to attribute the precise cause of these discrepancies. 
6.3.6 Discussion 
The turbulent. recirculating flow associated with a backward 
facing step has been predicted by the solution of the finite difference 
form of the partial differential equations of motion together with a 
two-equation model of turbulence. For the particular case in question, 
this has been achieved by modifying an existing computer program, 
'Champion' (Chapter 3). 
Very good qualitative agreement has been obtained between 
the predicted and measured data for two components of mean velocity 
(U, V), surface pressure, turbulent kinetic energy (k) and static 
pressure throughout the flow. This has been permitted by the use 
of an enlarged, 40 x. 35, grid with concentrated mesh spacing in the 
vicinity of the step corner and shear layer. 
In general, it may be stated that the predicted results have 
reproduced all the features of the flow including the acceleration 
upstream of the step, the recirculating region, the low pressure 
zone behind the step and the highly turbulent shear layer. The 
separation point, at the step corner, has also been predicted 
correctly, 
i 
1. 
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In common with the findings of other workers, the distance to 
reattachment has been underpredicted. This may be attributed to the 
slight displacement of the shear layer below the measured one, shown 
by the displacement, of the peak turbulent energy positions. In 
addition, the peak turbulent energy has been underestimated although 
possible experimental errors, arising from the summation of three 
individual measurements, should not be discounted. 
An attempt was made to modify the program further, in order 
to handle the forward facing step configuration. This has been 
unsuccessful so far and the reasons are now given. 
Most significantly, the organisation of the 'Champion' program 
is such that it is basically restricted to those flows which are 
mainly uni-directional. The program sweeps from left to right 
which means that, following each line iteration, only a forward 
adjustment to the variables is made. The convergence problems 
which are produced (see section 3.5) may be significantly reduced 
by sweeping in two directions, left to right and up and down 
alternately. The 'Champion' program permitted solutions for the 
backward facing step as, although it is a recirculating flow, the 
longitudinal velocities were far more significant than the vertical 
velocities, the problem therefore being fairly uni-directional. 
However, this is not the case for the forward facing step where 
serious difficulties will be encountered (upstream of the step) 
using the program in its present form. At this point, sudden 
changes in direction lead to unmanageably high vertical (V) 
velocities, of the same order as the longitudinal ones. Using 
the present 'Champion' program, divergence will occur at an early 
state of the iterative procedure. 
It is suggested here that, before any further attempt is 
made to solve the forward facing step and two-dimensional block, 
the lChampion' program should be-rewritten to sweep in two directions. 
Even then, satisfactory predictions are not ensured; Vasilic-Melling 
(1977) and Durst and Rastogi (1977). both attempted to solve for the 
two-dimensional block and, although. obtaining converged solution, 
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obtained unsatisfactory agreement with experiment. Vasilic-Melling 
attributes this to the displacement. of the predicted shear layer 
and Durst et al to the use. of wall-functions more. suited to boundary 
layers than recirculating flows. This is obviously a field which 
requires considerably more work firstly to eliminate any numerical 
problems and secondly to. improve the turbulence model. 
This chapter, nevertheless, has clearly shown that a numerical 
method of analysis permits an adequate qualitative and quantitative 
solution for the recirculating flow associated with a backward 
facing step. At the present time there seems little point in using 
a more complex turbulence model. In fact, according to Pope and 
Whitelaw (1976) the most significant source of error appears to 
come from the dissipation equation which is common to both two 
and multi-equation models. It seems that the underestimation 
of reattachment and turbulent kinetic energy is most probably 
due to the displacement of the shear layer and this in turn 
arises from numerical errors occurring at the separation point 
and being convected downstream. 
The general problem of treating turbulent recirculating flows 
is not an easy one and most workers have encountered considerable 
difficulties when using numerical techniques of analysis. However, 
it appears here that, while the use of such models provides reasonably 
adequate solutions, the greatest problem concerns modification and 
implementation of the program for each particular situation. In 
conclusion, then, it does seem that, while representing a very 
powerful research tool, such methods are, at present, so complex, 
time consuming and uncertain as to be applicable only to certain 
special cases in the field of bluff body aerodynamics. 
CHAPTER 7: CONCLUSIONS 
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This thesis has described an investigation into the turbulent, 
recirculating regions of flow associated with three two-dimensional 
step configurations; a backward facing step, a forward facing step 
and a two-dimensional block. It is intended that this study should 
provide new information which is, primarily, of interest to all those 
concerned with the subject of bluff body aerodynamics. In particular, 
it is hoped that this research will eventually lead towards an improved 
understanding of the turbulent flow in the near wake regions associated 
with buildings subjected to the atmospheric winds. 
The major contribution of the present study concerns the 
experimental investigation of the three bodies mentioned above. It 
was the use of the recently developed pulsed. wire anemometer that 
permitted the investigation of the highly turbulent reversed flow 
regions associated with these bodies; this had previously not been 
possible, to any significant extent, due to the lack of'suitable 
instrumentation. 
In addition to the experimental work attempts have been made 
to predict the flow; a simplified analytical treatment has been 
proposed and tested and a current computer program, suitable for 
elliptic flows, modified for use here. 
The conclusions to be described in this chapter will be 
divided into three separate categories. These are: 
(i) Conclusions relating to the use of the pulsed wire anemometer 
(ii). Conclusions from the experimental study 
(iii) Conclusions from the theoretical study 
Finally, suggestions for future work will be outlined. It 
should be pointed out that this chapter is intended to be as brief as 
possible and, consequently, the reader is referred to the relevant sections 
of the thesis for any detailed information concerning the conclusions 
mentioned here. 
" iý 
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7.1 TEE PULSED WIRE ANEMOMETER 
The review (Chapter 2) has clearly shown that the quality and 
reliability of existing data, for highly turbulent recirculating flows, 
is very limited. This has been mainly due to a lack of suitable 
instrumentation. The recently developed pulsed wire anemometer 
was designed to overcome this problem and-consequently was used 
extensively for the experimental investigations reported here. 
The accuracy of the present data is directly related to the 
performance of this instrument and tests were carried out to 
establish its reliability. 
A comparison was made between pulsed wire measurements and 
data, obtained here and elsewhere, using the conventional hot-wire 
anemometer. Excellent agreement was obtained in the regions where 
this was to be expected, namely those displaying low turbulence 
intensity. Unfortunately, however, it was not possible to gauge 
directly the absolute accuracy of the pulsed wire in the highly turbulent 
zones due to the limitations of other instruments in these regions. 
In addition, from the present results obtained for the backward 
facing step configuration, it would seem that the performance of the 
pulsed wire anemometer appears to be superior to the laser-doppler' 
anemometer which, although offering no interference to the flow, is 
restricted to regions providing clear paths for the laser beams. 
Tests on the pulsed wire revealed that calibration drift 
occurred during the use of the instrument. It is suggested here that 
this drift is due to differential creep in the probe wires under load. 
This results in a change in the distance between the wires which 
subsequently affects the time of flight of the pulses of heated 
air. A linear correction seems to be justified to account for 
this problem. 
It is therefore concluded that, if sufficient care is taken 
during use and if adjustments are made to the results to correct for 
calibration drift, the pulsed wire anemometer provides a satisfactory 
tool for the study of highly turbulent flows associated with bluff bodies. 
ýký ..,. 
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7.2 THE EXPERIMENTAL ' STUDY 
The experimental study reported here probably represents the 
most significant contribution of this thesis. Most of the data was 
previously unobtainable due to the lack of suitable instrumentation 
and such data is, undoubtably, invaluable for the development of 
analytical methods of analysis and the testing of mathematical 
models. (Discussions relating to the actual flow mechanisms 
and flow measurements for each model are reported in detail in 
Chapter 5. ) 1 
The validity of the present results has been tested by comparison 
with the data of other workers; this was mainly possible for the back- 
ward facing step configuration which has been studied previously. The 
general flow measurements demonstrated good qualitative agreement with 
the results of other workers, confirming the extent and mechanisms 
of the recirculating flow regions. In addition, the new data 
indicated the most common regions of error of the previous studies; 
these include the reattaching and recirculating zones. 
The experimental investigations have shown that the major 
recirculating regions associated with the three models studied here 
are qualitatively similar. It is interesting to draw attention to 
the particularly extensive recirculating region and very strong 
reversed flow behind the two-dimensional block. It is to be 
expected that this bears a significant resemblance to the flow 
in the near wake region of certain buildings within the atmosphere. 
In common with the results of other workers, a sudden decrease 
in turbulent energy and turbulent shear stress was noted in the backward 
facing step shear layer close to the reattachment point. Bradshaw and 
Wong have suggested that this decrease is evidence of the bifurcation 
of the shear layer at reattachment, some of the flow being entrained 
into the recirculation region. However, present results for the 
forward facing step and two-dimensional block do not show such a 
feature and consequently Bradshaw and Wongs suggestion remains 
unconfirmed. It is possible that the more extensive-turbulent 
210. 
wakes of these two models obscure the features indicating bifurcation. 
Nevertheless, it seems that, for the present, the results do not 
permit the making of any firm conclusions concerning the mechanism 
of reattachment and this will, therefore, remain a subject for 
further investigation. 
Considerable emphasis has been placed, in this research work, 
on developing a simplified analytical treatment to predict some of 
the main features of the near wake region. To permit such an 
approach a comparison was attempted, during the experimental 
study, between the curved shear layers originating from the 
separation points of the three models and the plane two- 
dimensional mixing layer, (between a free stream and still air). 
For each of the three cases, it was established that good agreement 
exists between the shear layers and the plane mixing layer if account 
is taken of the effective velocity difference across the curved shear 
layer. This will include the effect of the reversed velocity in the 
recirculation zone. Even then, the approximate nature of the 
comparison must be acknowledged. 
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7.3 THE'THEORETICAL'STUDY 
The general problem of treating turbulent recirculating flows 
is not an easy one and, consequently, it is not surprising to find 
that theoretical work has received rather limited attention in the 
past. The review has shown that two theoretical approaches exist 
for the prediction of some, or many, aspects of this class of flow; 
the analytical approach and the numerical approach. Both have been 
discussed in detail in Chapters 2 and-3, and it appears that, as yet, 
only very modest success may be claimed for either. 
It has been demonstrated in this thesis that the existing 
analytical approaches (some of which are highly complex) are usually 
of limited applicability while the numerical methods of analysis 
tend to be unpredictable and difficult to implement. However, 
the importance of such methods cannot be dismissed and success 
could eventually mean the replacement of time-consuming methods 
of physical modelling. Previous theoretical studies have been 
hampered by the lack of reliable experimental data, a situation 
which has been remedied, to some extent, by the present experimental 
study. 
Using the new data, then,. two theoretical approaches have been 
attempted here along the lines of those previously discussed. Firstly, 
a simplified analytical treatment has been developed which considers 
the near wake region bounded by the solid boundary and the dividing 
streamline. The treatment has been permitted as a result of the 
approximate comparison, suggested and established here, between 
the shear layer originating from the separation point on a bluff 
body and the two-dimensional plane mixing layer. The analysis 
produces a relationship between the pressure coefficients along 
the dividing streamline (resolved on to vertical lines at either 
end of the recirculating region), the velocity difference across 
the shear layer, the height of the recirculating region and the 
reattachment distance (section 6.2). In certain circumstances, 
(for example, the backward facing step), this relation will lead 
to the direct calculation of drag force on the body. This 
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relationship was-derived and subsequently tested for the three different 
recirculating regions investigated. here with satisfactory results. 
However, the approximate nature of the assumptions and the theory 
must be acknowledged and further work is required to improve upon 
this approach. Such a treatment, even after allowing for the 
approximate nature, may be of considerable benefit to engineers, 
in particular those concerned with wind flow around structures. 
In addition, to the analytical approach, use has been made of 
a current computer program which solves, numerically, the finite 
difference forms of the partial differential equations of motion 
together with a two-equation (k-c) model of turbulence. Considerable 
modifications were required before a solution was obtained for the 
backward facing step configuration. The predictions were found to 
be satisfactory with good qualitative and quantitative agreement 
for most of the parameters over the entire flow domain. Significant 
convergence problems were experienced which required decoupling the 
equations for the initial stages of the calculation. In addition, 
a number of defects were encountered in the basic program; for 
example, the specification of the outlet boundary condition did 
not prevent the supply of energy from downstream and hence the 
development of reversed jets. 
Considerable difficulties (apart from limitations of time) 
prevented the modification of the program so as to handle the forward 
facing step. It is suggested that the program be rewritten to sweep 
in two directions instead of one which will reduce convergence problems 
likely to occur due to the streng vertical velocity component upstream 
of the forward facing step. 
At present, it seems unlikely that a more complex, multi- 
equation model of turbulence will bring much improvement on the 
predictions obtained using a two-equation model. 
It has been suggested that the errors arising from the use of 
numerical methods of analysis may originate from the grid specification 
(especially in the corner regions), displacement of the shear layer 
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beneath the measured one, the constants in the turbulence energy 
dissipation equation and the treatment of the flow adjacent to the 
solid boundaries. Consequently, it is. felt that considerable work 
is still required on all aspects of numerical modelling before such 
techniques become more generally applicable. 
Finally, it may be concluded that., although undoubtably a 
powerful research tool, numerical methods of analysis are too complex, 
time-consuming and uncertain to be of any direct benefit, for a long 
time, to workers concerned with practical building aerodynamics. 
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7.4 SUGGESTIONSTOR FUTURE 'WORK 
This, the final section to the entire thesis, outlines some 
recommendations for future investigation's. Further study is required 
on most of the subjects discussed in this thesis and only the most 
important are listed below. - ý" 
1. The pulsed wire anemometer has been shown here to be one of the 
most reliable and adequate instruments for use in highly 
turbulent recirculating flows and will probably remain so 
until the laser doppler. anemometer is significantly improved. 
However, the probe is large, when compared to a hot-wire, 
and this may have some considerable effect on the flow. 
It has already been suggested here that the probe dimensions 
result in higher readings of turbulence intensity in free 
stream conditions than noted by conventional hot wires. 
Consequently further work is required, possibly using the 
laser anemometer, to establish the effect of probe inter- 
ference on the flow. 
2. The experimental investigations have all been undertaken 
with uniform flow conditions and a fairly thin (0.7h) 
turbulent boundary layer upstream of the steps. However, 
it is known that the thickness of the upstream boundary 
layer affects the proportion of fluid deflected upstream 
at reattachment. In addition, other studies have shown 
that a variation in turbulence intensity and boundary 
layer thickness in the approaching flow affects the 
pressure distribution and, even, the overall flow 
mechanism. Consequently, there is a considerable 
scope and need for extending the present work, using 
the pulsed-wire, to investigate the effects of these 
features on the near wake regions associated with bluff 
bodies. 
3. Conclusive confirmation has not been obtained. here supporting 
the suggestion that the shear-layer bifurcates at reattachment. 
This will remain a subject of considerable importance and one 
for future study. 
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4. One of the most significant contributions of the thesis 
concerns the development of a simplified analytical treat- 
ment for the near wake region. Such an approach is probably 
more likely to be of benefit to'the practical engineer, at 
the present time, than the more complex numerical methods 
of analysis. However, the treatment presented here is 
based on a number of assumptions of a highly approximate 
nature. Further work is suggested, either improving the 
present analysis or developing alternative theories along 
these lines. 
5. Finally, a number of suggestions are required concerning 
the numerical methods of analysis. Firstly, the current 
'Champion' program requires rewriting to sweep in two 
directions to permit convergence for cases involving 
strong cross-flow velocities. Secondly, a continuing 
program of work is required on numerical techniques 
in general to improve both the numerical accuracy 
and the mathematical models. 
t 
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Symbol " Meaning 
A area 
A, A, constants in pulsed-wire and 
hot-wire equations 
Aewns convection coefficient 
(eq. 3.33) 
a constant 
B, B, constants in pulsed-wire and 
hot-wire equations 
b constant 
C1, C25 CD turbulence constants (Table 3.1) 
CD coefficient of drag 
Cp local pressure coefficient 
Cp reduced pressure coefficient 
Cpb base pressure coefficient 
Cp minimum pressure coefficient 
e (eq. 2.1) 
CpmI minimum pressure coefficient 
n (eq. 2.3) 
Cp maximum pressure coefficient 
m 
, 
(eq. 2.1) 
Cp maximum pressure coefficient maX (eq. 2.3) 
Cpm coefficient of reattachment 
. pressure rise 
(eq. 2.1) 
CPO Cp average coefficients of pressure X (eq. 6.20) 
CPr reattachment pressure coefficient 
Cp reduced pressure coefficient 
x (eq. 2.3) 
c constant 
D, d diameters 
d' constant 
E turbulence constant (eq. 3.37) 
E, e mean and r. m. s. voltage 
f 
-characteristic frequency of 
energy containing motions in, 
-turbulent flow 
223 
224. 
g gravitational acceleration 
H maximum height of dividing 
streamline above datum 
h height of obstacle, step 
K, k constants 
k kinetic energy of turbulence 
k height of roughness elements 
Lý R lengths 
Im characteristic length scale of 
turbulent motion 
N number of samples 
n constant in hot-wire equation 
p mean pressure" 
A 
p instantaneous pressure 
p fluctuating pressure 
p D 
pressure read by disc-static 
probe (eq. 4.17) 
Amax Amin maximum and minimum pressures 
po static pressure 
Ps static pressure at reference 
point 
pt total pressure at reference 
point 
p pressure at point X 
R distance between separation 
and reattachment points 
(chapter 6) 
R, r radius (eq. 4.15) 
Re Reynolds number 
Rem mesh Reynolds number 
r reattachment point 
so source term (eq. 3.32) 
s separation point 
T tension (Appendix 7) 
T, t time 
Tewns diffusion coefficient 
. (eq. 3.33) 
t student's t-distribution 
.: 
function 
r 
.ý 
F 
M1 
225'. 
U longitudinal mean velocity 
component (in X-direction) 
Ui instantaneous velocity component 
U, corrected mean velocity % (eq. 4,. 32) 
ÜE free-stream mean velocity 
atx=E 
Ueff velocity difference across 
shear layer (eq. 6.23) 
Ua reference free-stream velocity 
UR resultant velocity 
u velocity fluctuation in 
X-direction 
uc corrected r. m. s. velocity 
(eq. 4.33) 
V vertical mean velocity 
component (in Y-direction) 
Vt characteristic velocity scale 
of turbulent motion (eq 3.12) 
v velocity fluctuation in 
Y-direction 
W cross-flow mean velocity 
component (in Z-direction) 
W velocity fluctuation in 
Z-direction 
w load/ unit length (Appendix 7) 
w width of block 
X distance 
X reduced distance cc-ordinate 
. 
(eq. 2.2) 
Xr longitudinal distance from 
separation point to reattachment 
point 
x streamwise Cartesian co-ordinate 
x number of zeros read by pulsed 
wire (eq. 4.32) 
y vertical Cartesian co-ordinate 
Yin vertical distance to point 
where UA UE 
z lateral (cross-stream) Cartesian 
.. co-ordinate 
-- ...,.. -_,. .. ýý_. 226. 
Greek Symbols 
a 
a 
d 
699 
E 
Co Bs Cp 
e 
K 
u 
lie 
ur 
v 
p 
Pa , PW 
c 
ae ak 
T 
Tw 
r 
Meaning 
constant 
angle 
small distance 
boundary layer thickness 
dissipation rate of turbulent 
energy 
extensions (Appendix 7) 
efficiency factor (eq. 2.4) 
angle 
turbulence constant (eq. 3.37) 
molecular viscosity 
effective viscosity (u + ut) 
turbulent viscosity 
kinematic viscosity 
density 
density of air, water 
stress (Appendix 7) 
turbulence constants (Table 3.1) 
shear stress' 
wall shear stress 
exchange coefficient (Eq. 3.30) 
stream function 
general variable (Eq. 3.30) 
`ý; 
ý, 
.ý 
i` 
1q 
i 
p 
,ý äý 
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APPENDIX 1 
Flow Chart Calibration Program 
Hot-Wire Anemometer - Single 'U' Probe 
Calibration of Hot Wire 
Clear all R-Stores 
Clear all K-Stores 
SetN-0 
Define Exponent n 
JSet Tunnel Speed 
N-N*1 
By automatic Read Ei - D. V. M. 
transfer of Store (N) StorR 
digits 
Stop: Supply Dynamic Head from Manometer 
Calculate Ui Store in R-Store (N) 
2 
,L (E? )2 , EU" ,L (Uýn )Z , LE? in Calculate LE 
Store in R-Stores 
Print "No A, B or r2Yet" 
is 
Yes Ný1 
Calculate A, B. r2 
Print 
Another Yes 
Pair of E, 
Try new value of exponent n 
to achieve better correlation 
Set N: 0 
Recall all U, 's, Eli 
from R-Store (N) 
Try anothe value of n 
Using new -n, calculate 
A. E. r2. Print 
is No 
thin the 
st r2 
Yes 
Store n, A, B in K-Stores 
Proceed to Measurement Program 
Notess 
F- counter for pairs of (E, U) 
R-stores 
X--store 
independeri sets of stores on Tektronix 31 
R-jtore (N) -N stores tu Enid all va es of pj , :j 
F: 22e 
APPENDIX 2 
Flow Chart / Measurement Program. 
Hot-Wire Anemometer - Single 'Ul Probe 
Measurements using hot-wire 
I 
Print n, A, B from calibration program 
I 
Position probe at ref. point 
and type in co-ords. x, y, z 
I 
READ E-D. V. M. 
dE - R. M. S. 
Calculate U, 
Store Up, 
Position probe at required 
point. Type in co-ord x, y, z 
READ E, dE 
Calc}ý7 ate and prit ru- 17 /U Uý iýu2 I U/U. ' ýu` 
/U,. ' 
Notes: 
U. ,- Mean velocity and turbulence 
(r. m. s. velocity) at 
sore reference point, usually free stream position 
/ 
W' , 
--. _ ._ý ý1LJ. l 
APPENDIX 3 
Flow Chart Measurement Program 
Hot-Wire Anemometer - X'Wire 
Measurements using X-wire 
Print {A1 Bt nI}{A2 B2 n2} from calibration program 
Position probe at ref. point 
Type in co-ord x, y, z 
FSubroutine A 
Print U... V, ý üvV 
Store U,,,, 
Position probe where required 
Type in co-ord x, y, z 
Subroutine A 
Print U, V, uv, üv/U% 
U/Up % V/U. % TV-/U, % 
Subroutine A 
Subroutine A 
Clear K-stores 
Read Eeý Calculate UN 2k2 eý 
Switch to wire 2 
Read E2e2 Calculate UN2'2k2 e2 
1 
Calculate U, V, uv 
Return to main program 
ýF errf 
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APPENDIX 5 
P1ov Chart Calibration Program 
Pulsed Aire Anemometer 
NotesI 
X- counter for pairs of (U. T) 
0- counter for individual sampling from pulsed wire 
t- individual time of flight 
Si average time of [light for a particular velocity Oi 
1i ' 
nn" Z 
a 
si ,1 
231. 
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APPENDIX 6 
Flow Chart Measurement Program 
Pulsed Wire Anemometer 
Measurements using pulsed wire 
Print A+, B+, A-, B- from calibration 
program. Change sign of B- 
Store in K-stores 
Clear R-stores 
Position probe and type in 
x, y, z co-ordinates 
Set no. of samples -N 
Set U,, 0 U. j. 
n-0 (counter) 
n .'n+1 
oea ýtý 
9994 
INo 
Yes is Nc 
+ve wire ti U -ve 
Call A+, B+ r 
Calculate U+ l 
b F+l ' 
is 
U+ Yes > Uý, ý 
Calcu]. te 
" yy-Is- 
Print N, UN, 
/, 
a, b, c 
Calculate U. /ý--- 
Yes a-a+1 
Call A-,, B- 
Calculate U- 
is 
ýU- < U, _, _ 
Yes 
No 
Notes: 
N- no. of samples at probe positica (x, y, z)' 
n counter for samples 
a- counter for zeros 
b' - counter for velocities greater than Ua; 
c counter for velocities less than Umirr 
Ic- c+lt 
a 
233. 
APPENDIX 7 
Explanation for Drift in Pulsed Wire Readings 
The principle behind the operation of a pulsed wire is the 
timing of a tracer of heated air travelling between the pulsed wire 
and one of the sensor wires. It therefore seems likely that any 
drift in readings will probably be associated with a change in the 
distance between these wires. This can be accounted for as"a result of 
differential creep between the pulsed wire and the much smaller 
sensor wires. An explanation of the effects of such creep is 
now given: 
The wires which are placed on a probe are fairly slack, 
(this is necessary to prevent resonance), and when placed in the 
flow they take up a stretched position as shown below, with 
distance X separating them. 
Pulsec 
wire 
Sketch of pulsed wire probe showing deflection of wires under load 
1i 
234. 
In such a state, the wires are calibrated to provide a 
relationship between the velocity of the air and the time of flight 
of a pulse of heat. It is expected, however, that the wires will 
creep under load, as an experiment-proceeds, leading to either an 
increase or decrease in the gap between the'wires. The following 
analysis demonstrates which of these two possibilities is to be 
expected. 
For a typical wire subjected to the force of the wind: 
2 
w CD 1 pa Uo d .. (A7.1) 
2 
where w load/unit length 
CD coefficient of drag 
pa - density of air 
d wire diameter 
and Uo = wind velocity normal to the wire 
If the wire hangs in the following shape: 
T 
The tension in the wire, T, is. given by: 
2Tcos 6 wL 
T 
.. (A7.2) 
where 6 angle to the vertical at wire supports 
and L length of the'wire 
235; 
Thus, T CD P oUo 
2 
dL 
4cose 
.. (A7.3) 
According to Timoshenko (1956), the extension, E, of a wire 
due to creep is given by: 
E.. Eo+ vot -c e-at (A7.4) 
where Eo the initial extension 
Ei the extension at time t 
and c, a- constants 
From experiments it has been shown that 
v0- kdn .. 
(A7.5) 
where 6s the stress in the wire 
and k, n constants for the particular material of the wire 
Let ES - (E - Eo) S 
be the extra extension in the sensor 
wire after calibration 
and EP - (E - Eo)p be the extra extension in the pulsed 
wire after calibration 
Also, neglect the final term in equation (A7.4) for long times. 
Then, if the wires are of the same material, 
n 
ES (v°t)S 
IGP (vot)p 6P 
For sensor and pulsed wires of the same length, at the same 
angle 6 to the vertical, and under the same wind'velocity: 
Tad 
a 
ä 
236.1 
n 
.. 
Es = .. (A7.6) 
EP Lds 
where dp = diameter of pulsed wire 
ds = diameter of sensor wire 
For most of the experiments described in this thesis, 
dp - lop 
and ds a 511 0t 
Thus E 2n 
EP 
As n>0 in all cases, 
S>i 
Ep 
Indicating that the sensor wire extends more than the pulsed 
wire which in turn implies that the gap between the wires increases. 
,I 
UNLABCLEn 
237. 
-- --- - -- APPENDIX 8- 
PLDPL ! DENT BFS ._ 
'- UPDATE 1.2-42fl. 
*t*** *TfENT AFS -- 
//// *I)Etý FTE VH1J. 286, VH1J. 298 
*DECETE VHIJ; 497 EMU(I)=FMU(I3+(FMUMFW-EM11(I)) *RELAX(JEM111 
... 9l 1 TF(FMII(T). GT. 
0.03)EMII(I)-0.03 
/////-- *INSERT VH1J. 2 COINmom/0BRT/IYLW, TXt. WP1. iXRw TXRwPt. IYSTFPITYSTEPI, DE1_TAY. DELTAX = cOIMON/P. 'WALL/XPIJSRIJ(35). TAUPW(35). CXPRW. CTAURW 
*INSERT VHIJ I 
CPMMýrIýAtVT/TYLW, TXI_Wp1. TXRW, TXRWPI. IYSTEP, TYSTEPt. DEl, T4Y. DELTAX 
C0MMG)N/AWALL/XPUSRW(35). TAURW(35). CXPRW, CTAURW 
*INSERT VHIJ. )In7 
CAMMyN/ciSST/IXLW. TXLWPi. IXRW, IXP! 4Pt. IYSTE_P, TYSTEP1. nEl-TAY"DELTAX 
c0 1Nß JfRWALL/XPUSRWW(35). TAURW(35), CXPRW. CTA(JRW 
*! NSENT 
VHIJ 
17WAQn 
FACING STEP--- -- 
_" _ 
- ý_-= 
IyRwP11TXRW 
+tP+1 
= -_ -_ 
Xx 
*INSERT VH1J; 33b 
WRITEf . 5Q99) 
"_. __ 
r, q09 FOPMATC? N1 )----- 
*6)ELETF VHIJ. 351 
*DELETF VHIJ. 354, VHIJ. 355 
*INSERT VHtJ. 359 
Ntl1 rAFL-NYM1 
IF((TX r, T TX W) AND; (TX; LT. IXLWP1))NODELCIYSTEP 
IF(IX. LF. b(PW)Ni+DEL=IYIN 
NPDEL1: NcifFL*1 
N0DLP1_PPJ fEL+1. -- -: - G..., 
-----------------INITIALISE- TDMA. LINE STORAGES --' ' ___-- __-- =-- 
DA 5Vt TY=1. NGJOLPt 
ANti)_n. n 
AS Ty 
AýTY)_n. n -- 
---- --- 
su(lv). n: o 11 ftI(IY): 
n. n - -- -. - _-- DV IY)_n. n - 
_-.... = 
VALUME(IY): (L0 = -_ _ -- 501 PHIPILD(IYVH1J. 
258. VHi, t. 263 - 
*DELETF V141J. 373 - 6F. LTAY=nYr(NPnLP1)/2. n 
IF(NODFI "F0. NY141 
)nFLTAY=rYG(NY) 
CYPTw=Cn25*DF1 TAY/F-MIIPLF 
CTAUTW-FMIIRFF/DELTAY -' 
:_- I_NO1DEL+IXINY. 
*DELETE VN1J. 3R4, VH1J. 3A5 
IF(IX. NE , T)(LWP1)GI TO 720 
DELTA X=nXG(TXLWP1)/2. n -- 
-- --= CXPLWCn25*nFLTAX/EMIJaEF -_ =... _-" _ -_. _ CTAULW-F. 
yUREF/DELTAX 
0 721 IY=IYSTEPI. NYMt 
*DELETE VH1,1.4n1VHIJ. 4(37 
n0 8499 Iºt=N1DLP1. NY 
INV=IN#T INYI = 
NN: IN+T 1MY 
-v 
INV)=o. o 
U INN =n. n 
H INN)rn. 0. 
TXF(tNN)_n. o 
- -- - EM11(TNIJ): FM11REF --- -- 
---ý_ 6999 TF0(INN)=n. o V(t+IYI'JVl)=n o 
V(N(APF(ý +IXItlY! )=0.0 
H(ºJRnEL+Ix1NV3: HWALL -- Uýl/__ *DELETE VHIJ. 1t65, VHtJ. 1167 - 
" AN(NPDEI)=n. n 
- --- - TAl1A=0 5or tTAIITW(TX)+TAUT W(IYP11)*AYU(TX) I F( ]X. Uv . 
TXLWPI)TAIJA=TAIIA*(X(IVP11-X1)(IXLW)I/SXU(IX) 
F(IX. E0. TXLW)TAll4=TAIIT'W(TX)*SYllCIX)/2.0 
- -" TF(TX. E0 TXRW)TAIIA=TAIIA*(XU(IYRW)-X(TX-1))/SXU(IX) 
IF42X. E"n. TxaWpt)TAtJA=Twl1Tw(IX)*SXII(IX)/2.0 
º- «"_--. SU[N00EL)=SII(ti. inFL)-TAIIA*R; 
MY) 
*DELETF Vºý j" tt 74 V1411 115 tF(IX. NF. IXIwWt1 G5 TO 134 
no 340 TY=TYSTFPI. NYMI - 
*nELETF" . 
VI4I. I. t211, V11lJ. 12t2 
IF(TX NF, IxLwP1) Go TO 6n2 
no 60! TY=TVSJF . NVt11 *DELETE VN1.1.123n0VHIJ. 1231 
:... _ I-NTUFt. +IX1NY. *DELETF VH1.1.1939, VHIJ. 1242 
S1I(NonEL)=AASTAI1*US*5Xf. (Tx)+SUi 
ý. _. _ SP(NO0EL)=-Cn*RHa(t)**2*TKF(I)*US*SxG(IX)/(AHSTAU+TINY)+SPt , DELETE . VHl. T. 1P52, VHtJ. 1254 TF(TX. Nr. TxLWP1) 11-1 TI 73 
TFRM=?. 0/(CAPPA*nX0(Tv)) 
ncT 7 pn TY=TVSTEP1, lYH1 
" ///// *DELETE vtit 1 1268 
TY. Nc'n¬t 
*INSERT VHtJ. 1275. 
IF(NnDEI_. NF, NYH1) 511(TY)-S11(TY)*2.0 
*DFLET VHI J. 1277, Vi4I J. 1278 
, Il(IJýnFI_). S11(N(i0EI9+Sllt SP r. Ir., nFl 5= SP(M0rlE )+SP1 ///// , DELETE vH1i; 96n 
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Fig. 5.8 : Detail of longitudinal mean velocity and 
turbulence intensity distributions at 
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x/h 9.0 - Backward Facing Step 
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Fig. 5.28 : Comparison of mean velocity in shear layer 
with plane mixing layer data 
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Plate 5.6 Forward Facing Step - helium bubble flow visualisation 
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Fig. 5.58 : Comparison of the present results with the theories 
of Counihan et al (1974) and Hunt (1970) 
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